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Remembering
"Here we do not have a lasting city, but. we 
are seeking the city which is to come."
Hebrews 13:14
SUMMARY .
Summary
The aim of the project is to establish for different 
housing situations, the capital and operational energy 
requirements, including transport costs, and to use 
these to carry out an energy assessment of types of 
housing.
In' order to fulfill this aim, detailed analysis of 
residential developments is carried out under the 
following headings:
Capital Energy
Dwellings and estates are analysed to determine their 
energy requirements in terms of the materials used and 
the building process involved. The magnitude of the 
energy requirements is found and also the variation 
according to material changes, construction types and 
style of dwelling. From this, recommendations are made, 
concerning the optimum dwelling form in energy terms.
Operational Energy
The energy required to operate dwellings, that is for 
■heating, lighting, and so forth, are established for 
•different housing styles by household survey. Again the 
magnitude and variation are determined, the potential for 
making savings is estimated and recommendations are made 
for optimum design. Relationships between the' energy 
requirements and various factors of the built form of the 
dwellings are also presented.
Travel Energy
The travel from residential areas is studied in order 
to determine the energy requirements associated with 
them and to relate the energy to features of the develop­
ment, such as density and to characteristics of the house­
holds concerned.
These three components- form the total .residential energy 
requirements. They are each related to a common base of 
development density and then summed in order to present 
an overall picture, from which recommendations concerning 
development style are made.
The following major conclusions are drawn from the work:
( i) operational energy is the major component 
of the total energy requirement,-but it is 
less significant at high densities where 
capital energy increases markedly.
fii) little is gained in energy terms by 
building at high densities-.
(iii) the style of development giving the best 
energy performance is a middle density 
(about 60 dwellings per hectare) with low 
rise construction and located in compact 
communities.
(iv) simple construction methods are most advantageous 
with use of timber rather than steel or 
reinforced concrete.
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CHAPTER ONE 
INTRODUCTION
Chapter 1
Introduction
1.1 Background
Our present lifestyle is dependent on our ability to 
maintain a supply of -usable energy. This dependence, 
together with current concern over energy sources - 
and particularly oil supplies - has led to research into 
the fuels that are available and how they are used, so 
that their efficiency of use may be improved and hence 
this lifestyle maintained.
The consumption of energy has been increasing as man's 
ability to make use of it has increased. The size and 
shape of a society's cities demonstrate the amount of 
energy that it had at its disposal. The tight narrow 
streets of houses of a Mediaeval city contrast with the 
multi-storey office blocks of a modern urban development. 
The necessities of life had originally to be located 
within walking distance, but as man -learned to harness 
new sources of energy, so expansion was possible.
This expansion and continuing upward trend in energy 
consumption have increased exponentially. Figure 1.1 
shows the energy consumption of major fuels since 1960 
and an increase of 35% over that time can be seen. 
Currently known reserves are not sufficient to cope with 
rises of this magnitude and greater, if the trend is 
allowed to continue. The general picture is now well 
understood and needs no further elaboration here; it is 
clear that research aimed at conservation of energy is 
valuable.
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Figure 1.2 shows energy•consumption by final users as 
given by national statistics (1). The highest consump­
tion is by the industrial sector, but domestic and 
transport sectors also consume significant proportions 
at 26% and 22% respectively. Thus they are important 
areas to consider for conservation. The question of 
energy consumption has always been implicit in these 
fields, but now it must become explicit, and better 
decision making result from it. Planning must be concerned 
not only with the development of the transport systems 
and housing programmes, but also with the energy that 
will be used within them.
1.2 Previous Work
This thesis does not. contain a literature survey as such 
but relevant research work is discussed in each chapter, 
and, although much work has been completed on materials * 
production, on vehicles and on household energy 
consumption, there is little overall linkage of these 
aspects. One study, however, by Owens (2) at the 
University of East Anglia was concerned with the energy 
implications of planning, particularly the effects of 
variations in location of employment,. housing and so 
forth. Thus her study was on a macro scale. The study 
described in this thesis is intended to be complementary, 
in that it considers the micro scale, looking in detail 
at both capital and operational energy usage. Links 
between the various components of energy consumption are 
provided and an overall picture of an essential part of 
town activity - the residential area - is presented.
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1.3 Housing Development
Many town planning schemes authorised in the first 
half of this century were essentially housing 
developments. The subsequent growth of other aspects 
of planning has not diminished the importance of 
housing in planning matters.
In energy terms, too, housing plays a significant 
part, as 26% of the total national primary energy 
consumption is used in the domestic sector'(see Figure 
1.2). This percentage only represents the household 
operational energy, whereas there are other components 
, of the total energy associated with residential 
developments - for construction and for transport.
These cannot be so readily quantified as a percentage 
of national consumption, but will make the total energy 
requirements of residential developments - even more 
significant. Consideration of this total energy 
consumption rather than the component parts is the 
basis of this thesis, and has influenced the method 
of study.
1.4 Approach Adopted
The starting point for quantifying the total energy 
requirements was the materials used and their 
associated energy which are examined in Chapter 2.
This information was then used to establish the energy 
requirements of certain standard elements of construc­
tion and to compare methods of construction and usage 
of different materials (Chapter 3). In order to relate 
the energy requirements to the wider context of type of 
development, the entire dwelling (or groups of dwellings) 
and the associated infrastructure were analysed in 
Chapters 4 and 5, respectively. '
Having assessed the construction energy and the 
important relationships involved, the next step was to 
consider the operational energy of the dwellings.
This is discussed generally in Chapter 6 and then 
applied to specific situations in Chapter 7, to give 
figures which could be used in the overall assessment.
The other component of the operational energy is the 
energy for travel. This is discussed in Chapter 8, 
where the causes of variation are examined. Chapter 9 
deals with transport analyses from an energy point of 
view in order to quantify this aspect.
Conclusions with respect to each of the above aspects 
considered individually are given at the end of each 
chapter. The final chapter is concerned with the 
overall picture of residential energy consumption, 
including the significance of each part with respect 
to the whole. Conclusions are drawn as to how future 
developments might be most economical in their use of 
energy.
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CHAPTER TWO 
MATERIALS ENERGY REQUIREMENTS
Chapter 2
Materials Energy Requirements
2.1 Introduction
In order to make an assessment of the overall energy 
requirements of a situation, the inputs to that situation 
must first be considered. In the case of construction, 
the materials used for building may be considered to be 
the major input and so the energy associated with their 
manufacture, transport to site and erection on site is 
the major initial energy input.
In this chapter, therefore, the methods of calculating 
this energy are discussed, generally first and then 
figures are obtained, from various sources, which will 
be used in the rest of the project. A considerable 
amount of.work has been done on the energy associated 
with materials but the results of this were very diverse, 
and so a substantial correlation was required by the 
author before the figures could be used.
2.2 Manufacture
2.2.1 Energy Accounting
In the production of materials 10 - 15% of the cost is 
for fuel (3). However, the financial cost does not 
accurately reflect the energy requirement and so an 
alternative method to financial accounting must be 
found to analyse the situation. The process of energy 
accounting is a systematic way of tracing flows of
energy through industry in order to apportion a"fraction 
of the input to the goods produced.
The complex process involves many inputs and outputs 
and interconnecting systems leading to widely differing 
results, and thus it must be decided which inputs and 
stages are to be included. This is not an arbitrary 
decision but one chosen to suit the particular situation 
being analysed.
The stages that may be included are: fossil fuel
extraction, production, delivery and conversion to 
secondary fuel; raw materials, transport and manufacture; 
plant; buildings; manpower. It is, however, impossible 
to include all energy inputs (some cannot even be 
quantified) and a sub-system must be established for 
which all energy inputs and outputs are known.
The main differences caused by including different 
stages, are between gross energy requirements (GER) and 
process energy requirements (PER). When the inputs to 
the system are simply the initial fuel inputs, that is 
the gross calorific values of coal, oil and gas as 
obtained from, natural sources, including their conversion 
to secondary fuels, a PER value res'ults. GER values 
include the natural fuel content of the material itself 
.such as carbon-clay, timber, etc., and therefore does 
not differentiate between, say, the energy advantage of 
producing bricks from carbon rich clays. For most 
materials the difference is negligible.
Further problems are encountered in apportioning the 
energy, when two commodities are produced from the same 
plant using the same inputs.
Steel may be taken as an example of how variations in the 
results of an analysis can occur, depending on the 
particular aspect considered:
( i) Some authors quote for finished steel,
some for crude steel.
( ii) The quantity of crude steel required
for finished steel varies-from 1.2 to
1.5 tonnes per tonne.
(iii) Data for iron and steel is often 
aggregated.
( iv) The iron and steel industry sells
energy in the form of electricity to 
other sectors of industry (this must 
be deducted for the net energy *cost)
( v) The industry is not homogenous: a
steel slab may require 30,000 MJ/tonne 
and a special heat treated alloy steel, 
200,000 MJ/tonne.
( vi) There is an energy value for scrap.
Thus it is impossible to quote a single accurate value 
for the energy requirement of steel manufacture.
2.2.2 Methods of Energy Accounting
There are three methods for evaluating the energy 
requirements.
( i) Statistical Analysis
Use is made of national statistics 
(such as the U.K. Digest of Energy 
Statistics (1) and The Census of 
Production (2)) and the average energy 
requirements for products are estimated. 
For example, in the brick industry:
9
input = 6 8  x 10 MJ
9output = 7.5 x 10 bricks
energy cost = 9.1 MJ/brick
This method has a number of short-comings 
as it is not possible to distinguish 
between the efficiency of different 
brickworks or the types of bricks, nor 
does it take into account indirect energy 
inputs of plant and raw materials.
( ii) Input-Output Analysis
The input-output table of the national 
economy is a square matrix summarising 
the transfer of commodities between 
industries, final sales and primary 
products purchased. The tables list 90 
separate commodities, which means that 
there is some aggregation of data.
The tables are constructed in financial 
terms and generally the average cost of 
materials must be deducted and converted 
to physical terms. This is a disadvantage 
and will lead to errors, particularly if 
a product is subject to large price 
fluctuations as the financial cost cannot 
truly reflect the energy cost.
(iii) Process Analysis
Here the-energy inputs are considered at 
each stage of the process in a specific 
industry and, working backwards from the 
finished products to the initial fuel, 
a total energy cost is ascribed to the 
material.
The energy cost for the material under 
consideration may be required as part of 
the analysis, such as in the steel industry 
where machinery made of steel is used. In 
such cases the first two methods can be 
used to give an initial energy cost and 
then, a better result obtained by an 
iterative procedure employing process 
analysis.
2.2.3 Review of Energy Accounts
Many authors have carried out studies of the energy 
requirements of building materials and widely differing 
figures for each material have resulted (Refs. 3 - 17). 
Chapman(5) gives details of how an analysis is carried 
out and also shows how differences can occur even when 
the same method of analysis, is used: in the case of
Chapman's example of copper, great variation being 
caused by the grade of ore. However, in spite of the 
apparent inconsistencies, Chapman goes on to-show how 
the results can be compared.
Differences lie in the use of 'short' tons and 
electricity conversion efficiences of 1:3 not 1:4 
KWhe:KWht. If allowances are made for these' and other 
factors, consistencies of the order of 10% can be 
achieved.
Gartner (18) recommends the use of a range of values 
rather than a single figure for any commodity as he is 
-of the opinion that the quest for accuracy has led to 
studies being too narrow. It is also possible that the 
differences between, say, different qualities of the 
same material, can be disguised.
For these reasons the figures from different sources 
(3 - 18) have been taken, specific causes of variation 
pinpointed and a range of values established which can 
be used in a quantitative study.
The most important and most variable materials are 
considered in detail and all the materials energy 
requirements summarised in Table 2:1*
Aggregate
Source MJ/tonne Comments
Makhij ani & Lichtenberg 83
Chapman 72
Gartner & Smith 30 - 300 Inc. transport
Haseltine 320 Inc. transport
Asphalt Institute
18 - 180
Wright 3060 1/0 analysis considered
Varley 25 - 143
Range 30 - 300
There are wide differences in these figures for aggregate 
and there are few published statistics. The energy is 
required for extraction, crushing, g r a d i n g a n d  transport; 
the amount, of crushing required being the major cause of ■ 
variation.
Cement
Snurrs MJ/tonne
Makhijani & Lichtenberg 9150 . 
Chapman 8280
Wright, D.J. 5690
Brown & Stellon 7350
Gartner & Smith 7250
Chapman 7920
Kaseltine 7810
Asphalt Institute 7850.
Varley 7900
Range 7250 - 8280
Comments
U.S. cement industry 
known to be more 
costly than British 
1/0 analysis
The cement industry is much documented and' it is also 
amenable to analysis as it produces very little other 
than cement. - The figures may thus be assumed 
reasonably accurate and a fairly small range taken.
Timber
Source •Rnorgy M.T/m MJ/tonne Comments
Makhijani &
Lichtenberg 17.8/m
Mackillop . 245
Gartner & Smith 2500
Chapman 2430
Haseltime 
Barnes &
Rankine 1090
Range 1500 - 2500
Widely differing 
specific gravity 
Large transport 
cost
5200
6480
2095
Figures are generally quoted for,: finished wood and include 
values for cutting, drying, treating and transport. Much 
timber is imported and so transport is significant. There 
is wide and justified variation in the published figure's 
and so a fairly wide range is taken.
Bricks
Comments
Facings (tunnel kiln) 
Facings (annular kiln) 
Fletton (facings) 
Fletton (commons) 
Facing/Engineering 
Facing 
Fletton ■
Facing (stocks)
Facing
Facing 
Commons .
The building brick industry has been the subject of a 
recent study by the British Ceramic Research Association 
(B. Cer.-R.A.) and the Department of Energy (15) as 
well as by many others. These studies have led to 
suggestions for many ways of increasing efficiency and 
there have already been changes in recent years, 
especially with regard to 'the firing process which 
consumes about 80% of the energy. These advances have 
caused many variations in the required energy consumption . 
which also varies according to the type of clay used 
and the brick produced. The lowest figures are for 
'Bing' bricks which use colliery spoil. Fletton bricks 
also have a low energy cost and this increases up through . 
facings to engineering bricks which have the highest 
energy cost.
The different types of bricks are usually specified in 
bills of quantities and so it is useful to retain 
different energy costs.
Source MJ/tonne
B. Cer. R. Ass. & 
Dept, of Energy
Butterley Building 
Materials
Brick Development 
Association.
Range
4600 
5900 
1500 
1400 
264 - 
791 - 
802 - 
2743 •- 
827 -
3000 - 
1000 -
4200 
5803 
2849 
• 4431 
3619
5000
1500
Steel
MJ/tonne
55260
50000 •
26750 
47520 
23760
9432 No allowance for conversion
of electricity considered 
9432 s 31440
47520 
31269
24810 - 49630 
47000
30000 - 50000
Steel is a very variable industry, as was discussed in 
Section 2.1, and therefore a wide range of figures results.
A range of figures for use must include a variety of types 
of steel as these are not readily distinguished. Special 
steels are not included and are rarely found in standard 
housing developments.
Concrete
The published literature deals with concrete in only two 
mixes - 1:3:6 and 1:2:4 - whereas in actual practice a 
wide variety of mixes is used. Therefore, figures were 
calculated for each mix from the energy cost figures of 
the constituent materials. Taking a lean mix - 1:20 by
Source
Bravard, Flora & Portal
Makhijani & Lichtenberg
Hirst
Chapman
Wright
Kackillop
Chapman
Haseltine
Brick Development Ass. 
Varley
Range
Aggregate 20kg @ .03 - .3 MJ/kg = . 6 - 6  MJ
Cement 1kg @ 7.25 - 8.28 MJ/kg = 7.25- .8.28 MJ
Concrete = 7.85 - 14.28 MJ/21kg
Concrete = 370 - 680 MJ/tonne
Similarly, other mixes can be energy costed giving values . 
as follows:-
Mix MJ/tonne MJ/m3
1: 20 370 - 680 740 - 1360
1:15 480 - 800 1010 - 1680
1:3:6 720 - 1000 1580 - 2200
1:2:4 1060 - 1440 2440 - 3310
1:1: 5 : 3 1340 - 1760 3220 - 4220
Screed - 1:3 (by volume) 2750 - 3440
Asphalt
As for concrete, the energy requirements for asphalt 
must be calculated from the constituent materials.
A typical mix has a 5% binder content, thus:
Aggregate .95t @ - 30 - 300 MJ/t = 28.5 - 285 MJ/t
Bitumen .05t @ 210 - 616 MJ/t = 10.5 - 30.8 MJ/t
Asphalt = 3 9  - 316 MJ/t
or 85.8 - 695 MJ/m3
It will be shown in Section 2.4 that asphalt has a very 
high mixing energy requirement and so this value must be 
added to give a final value for use in the rest of the 
project.
Other Materials
Only a few of the materials, used in housing construction 
are discussed above, but they are the major ones.
Others such as plaster, glass, plastic, copper, and 
aluminium also play a part and therefore contribute 
to the total energy cost. Again, ranges of figures have 
been obtained, and they are all summarised in Table 2.1.
2.3 Transport to site
After manufacture, the materials require to be transported 
to site which contributes a further energy cost. This is 
not considered to be a very large proportion of the total, 
probably between 1 and 10%, but figures vary considerably 
from one source to another.
The significant factors affecting the energy consumption 
are the distance and mode of transport. These will vary 
according to the area concerned and according to material.
Most authors when estimating the energy associated with 
transport to site have based the estimate on distances 
travelled. Brown and Stellon (10) have taken.an arbitrary 
figure of 185km, Haseltine (12) has taken a 50km trip 
plus 50km return empty. Mackillop (7) has used different 
figures for each commodity (96km for bricks, 400km for 
timber, and 64km for cement). Varley (6), on the other 
hand, has applied an energy cost of 5 MJ/tonne/km for 
all commodities.
As a result of direct contacts with the suppliers 
the author obtained figures for typical journey 
distances (100 km) , loads (11-17 tonnes), and vehicle 
fuel consumption (10 mpg) for bricks, tiles and blocks. 
These figures led to an estimate of 1 MJ/tonne km 
which is about 2% of their manufacturing cost.
Many of the authors who carried out analyses discussed 
in Section 2.2.3 did not consider transport at all, 
but there, is little difference between those energy 
requirement figures where it is included and' those 
where it is not. Thus, having established that the 
energy cost for transport is' indeed small compared with 
the overall energy cost, and compared with the ranges 
of values used, it is assumed to be already included 
for all. further analyses.
2.4 Erection on Site
2.4.1 General Site Energy
Energy is used during the construction process in four 
main ways: heating site offices, lighting, plant and
power tools. Electricity, either from a temporary or 
permanent supply, serves lighting, power (mixers, hoists, 
tools) and in some cases heating. Liquid fuels are 
widely used, particularly paraffin for light and heat, 
particularly where electricity is not available.
Bottled gas-is the third major fuel and it is used for 
heating and lighting and cooking on large sites.
Figures for the fuel consumption on two different sites 
examined by the author are given below, to show the 
variations which occur.
Duffrvn - large, new estate on edge of urban area with 
977 dwellings in 38.5 ha.
For generator 17500 gall/month
Electricity 22471 units/month
Plant 533 gall petrol/month
800 gall diesel/month
Total/month
Energy requirement is 27 GJ/ha/month
1.1 GJ/dw/month
Scovell Road - inner urban infill development of 117
dwellings in 1 ha, .
Electricity 239569 units
Bottled gas 180.5 kg
Diesel 9041 gall
Total . 2571 GJ over 26 months
99 GJ/month
Energy requirement 99 GJ/ha/month
.85/dwelling/month or 22 GJ/dw over
26 months
The energy requirement per dwelling over one month is 
similar for the two developments at about 1 GJ. The 
relative order of magnitude of these figures can be more 
easily seen if compared with the overall construction 
energies given in Chapter 4, where values of between 100 
and 1000 GJ per dwelling were obtained.
862448 MJ 
9031 MJ 
1699652 MJ
723800 MJ 
80896 MJ 
81016 MJ 
150400 MJ
1036 GT
Although it was.only possible to obtain data for two 
estates, these are vastly different estates (one a 
small infill development, the other a large, new 
development) and therefore similarities in energy costs 
for construction cannot be attributed to physical 
similarities. It may be assumed that construction 
energy costs of this order of magnitude are typical 
and thus are a small proportion.
2.4.2 Energy for Site Processes
As well as these general site uses, there are some 
specific processes which can be given an energy cost.
These are mainly plant operations: mixing, laying, 
etc. Varley (6) gives these as:
Operation GER.Total % of Manufacturing
Excavating 10 MJ/m3
Batching/mixing concrete 42 MJ/m3 3 " 4
Transporting ready mix 15 MJ/m3
Spreading/finishing concrete 15 MJ/m3 1 - 1.5
Batching/mixing asphalt 780 -MJ/m3 100 - 900
Transporting hot asphalt 120 MJ/m3
Spreading/finishing asphalt 60 MJ/m3 10 - 80
The values for concrete are small compared with the 
manufacturing energy cost. Also, some authors when 
considering the energy, included the mixing energy and 
these figures are not clearly distinguishable from 
those where it was ignored. Thus the manufacturing 
energy for concrete may be taken as the total energy. 
Asphalt, on the other.hand, has a very large mixing 
energy requirement and it is necessary to adjust .the 
manufacturing energy to include this.
2.5 Summary
The energy requirements of materials, which will form 
the basis of the capital energy requirement calculations 
discussed in this thesis, have been established as 
ranges of values.
The work of various authors has been compared and collated 
and, where discrepancies have arisen, these have been checked 
and explained.
The energy requirements for transport and erection on 
site have also been considered and have been shown to 
be. a small proportion of the manufacturing energy 
requirement and to lie within the ranges quoted.
The exception of this is for asphalt, where'the 
heating process leads to a higher energy requirement 
than that accrued in the manufacture alone., and so a 
combined total is used.
The energy requirements for all the major building 
materials are summarised in Table 2.1.
TABLE 2.1 MATERIALS ENERGY REQUIREMENTS
Material MJ/kg MJ/unit' ‘
Aggregate .03 - .3 45 - 450 MJ/m3
Cement 7.250 - 8.25 10880 - 12420 MJ/m3
Screed 1:3 2750 - 3500 MJ/m3
Concrete - 1:1.5:3 1.3 - 1.8 3250 - 4250 MJ/m3
1:2 :4 1.1 - 1.4 2450 - 3300 MJ/m3
1:3 :6 .7. -  .1 1600 - 2200 MJ/m3
1:15 .5 - .8 1000 - 1700 MJ/m3
1:20 .4 - .7 740 - 1350 MJ/m3
Asbestos cement 8.2
Reinforced slabs 8800 MJ/m3
Precast units 18240 MJ/m3
Lightweight concrete 2500 - 3500 MJ/m3
Steel 30 - 50
Timber 1500 - 2500 MJ/m3
Bricks - Commons 1 - 1.5 2.5 - 3.75 MJ/brick
- Facings 3 - 5 7.5- 12.5 MJ/brick
Walling (inc. mortar)
75m block 220 - 290 MJ/m2 wall
- 100mm block 280 - 380 MJ/m2 wall
-  150mm block 400 - 550 MJ/m2 wall
-  Commons 200 -  285 MJ/m2 wall
- Facings 500 - 810 MJ/m2 wall
Plaster 3.2
2
65 MJ/m 10mm thickness
Plastic tiles 140 MJ/m2
Glass 22.5 - 28.6 240 - 300 MJ/m2
Roof tiles 180 MJ/m2
Bitumen .2 - .6 200 - 550 MJ/m3
Bitumen felt .1 - .3 MJ/m2
Asphalt .4 - .7 970 - 1580 MJ/m3
Mineral wool
2
4.5 MJ/m 25mm thickness
Aluminium 250 - 270 700000 MJ/m3
Cast iron pipes 340 MJ/m run 100mm dia.
Clay pipes 60 MJ/m run 100mm dia.
Plastic pipes - Water.(to dwelling)
(distribution)
30 - 60 MJ/m 20mm dia. 
210 - 450 MJ/m 100mm dia
- Gas fto dwelling) 
(distribution)
13. - 27 MJ/m • 20mm dia. 
140 - 300 MJ/m 100mm dia
Cables (copper/rubber)- 306 MJ/m run
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CHAPTER THREE . 
TYPES OF CONSTRUCTION
Chapter 3
Types of Construction
3.1 Introduction
The previous chapter was concerned with establishing the 
energy costs of materials to be used in calculating the 
capital energy cost of residential developments. What 
was also apparent from the materials energy costs was 
how one material compared with another - steel has a 
high value whereas bricks have about one-tenth of the 
energy requirement per tonne. However, considering the 
materials alone cannot really show how they compare; 
this can only be done when they are seen in use.
The aim of this chapter then, is to show the differences 
that occur in the use of different materials, for various 
elements of construction. Both parts of the dwelling 
structure and the associated infrastructure are considered.
The energy requirement figures are taken from Table 1 in 
Chapter 2.
3.2 Dwelling Units
3.2.1 External Walls
3.2.11 Traditional Brick Cavity Wall
This is little used nowadays as it has low insulating 
properties.
2Considering a 1m area of wall (which would be about 60 
bricks) the energy requirement may be calculated ‘thus:
2lm facing bricks 500 - 810 MJ
2lm common bricks 200 - 285 MJ
2lm plasterboard 65 MJ
765 - 1160MJ
3.2.12 Brick/Block Cavity Wall
This has now become the most common form of construction
for house walls. The inner leaf of the double brick wall
is replaced by lightweight concrete blocks, usually 
100mm thick. This form of construction is cheaper and 
quicker to build as the blocks are larger than bricks. 
They also have improved insulating qualities.
2Considering again lm of wall, the energy requirement 
is:
2lm facing bricks 500 - 810 MJ
lm^ ,100mm blocks 280 - 380 MJ
lm^ plasterboard 65 MJ
846-- 1255MJ
3.2.13 Timber -Frame Wall
This is an industrialised building method becoming more 
common/ due to advantages in thermal insulating properties/ 
speed of construction and cost. The inner blockwork of 
more traditional construction is replaced by an inner 
structural timber framework. Reinforcement is provided 
by wooden sheet materials and external cladding is provided 
by bricks, tiles, weatherboarding, etc.
The components of the wall are thus, (see Figure 3.1):
102mm brickwork 
25mm cavity 
8mm plywood 
39mm cavity 
50mm insulation 
250g polythene 
12.7mm plasterborad 
38 x 100mm studs at. 500mm centres.
2The energy requirement of lm of wall is given by:
\
\
lm facing bricks 
2
2m (equiv.) insulation 
2lm plasterboard
3
.016m timber
KEY
Insulation 
Brickwork 
Timber studding 
Plasterboard
500
9
65
24
- 810
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3.2.14 Comparisons
There is little difference between the brick and brick/
block walls, but the timber frame wall shows a
considerably lower energy requirement. The example 
given here uses facing bricks as external cladding 
but if, say, weatherboarding were used, the energy 
requirement would be further reduced. Bricks are commonly 
used as they give a very good and traditionally accepted 
finish.
It is also worth noting the very small additional energy
cost of insulation in the timber frame wall.
3.2.2 Party Walls
For semi-detached and terraced housing and flats 
party walls, i.e. internal walls between dwellings, 
can be quite a significant area. Such walls are 
required to meet both sound and ..fire proofing 
standards and so their construction is important.
3.2.21 Blockwork
A blockwork party wall would generally be of' 150mm
lightweight concrete blocks. The energy requirement of 
2
lm of wall is then:
lm2 150mm blocks 400 - 550 MJ
2
2m (equiv.) plasterboard 130 MJ
530 - 630 MJ
3.2.22 Timber, Frame
A timber frame party wall (illustrated in Figure 3.2) 
has the following components:
12.7mm plasterboard 
19 mm plasterboard 
50 mm insulation 
100 mm cavity
and repeated for the other half of the wall.. Studs of 
50 x 38 mm are at 500mm centres.
The energy requirement is:
26m (equiv.) plasterboard 
24m (equiv.) insulation
3
.005m timber
3.2.23 Comparisons
The timber frame wall is again more economical in 
energy terms. Here the majority of the energy cost is 
due to the plasterboard.
3.2.3 Foundations
Foundations generally use concrete and so in this case 
comparisons are to be made between different forms 
rather than the use of different materials.
390• MJ
18 MJ
7.5 - 12.5 MJ
416 - 421. MJ
3.2.31 Piled Foundations
Part of some piled foundations is illustrated in 
Figure 3.3 (1). It applies to a three storey 
development and so piling is not only associated with 
very large blocks.
The components considered in addition to the piles 
themselves are the fl'oorslab, ground beam and the 
concrete blinding below them.
The energy requirement may be calculated thus:.
Ground floor area = 318.9m2
Slab thickness 150mm
Volume 
Ground beams 
Piles (34 No.)
47.8m3
29. 8m3
54. 4m3
Total r.c. volume - 132m
3
Concrete blinding = 12m
3
Total energy:
3
132m r. concrete = 
3
12m 1:20- blinding =
1161600 MJ
8880 - 16320 MJ
1170500 - 1177900 MJ
Energy per unit floor area = 3670 - 3690 MJ
Note:' This is a very specific example but gives the order 
of magnitude for the energy requirements of this type of 
foundation. .
3.2.32 Trench Fill
Figures 3.4 and 3.5 show the means of providing 
foundations in this example (2). The energy may be 
calculated as follows:
r.c. floor slab area 
Slab thickness 
Volume
Additional volume for 
slab thickening
137. 4m'
100mm
13.75m'
3= 1. lm
Trench volume = 52.3m'
Granular blinding 
thickness
Volume
= 50mm 
= 6. 9m'
Hardcore thickness 
Volume
= 200mm
= 27.5m3
Total energy:
r.c. 14.85m
1:3:6^concrete footings 
52. 3nT
Granular fill-34.4m^
1-30680
82634
1548
MJ
115060 MJ 
15480 MJ
214862 - 261220 MJ
3.2.33 Comparisons
It can be seen that the use of piles greatly increases 
the energy requirement. It is true that the type of 
foundation required is dictated by the ground 
conditions-rather than aesthetic or monetary conditions 
as in the case of many other parts of dwellings. 
However, the importance of good foundation design is 
demonstrated by these differences. This is further 
accentuated when foundations are seen in relation to 
the dwellings as a whole in the next chapter (4.3.3).
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3.2.4 Roofs
The work on the energy requirements of roofs was examined 
by Barbasiewicz (3) under the author's guidance.
3.2.41 Pitched Timber Frame
A section of the roof is shown in Figure 3.6..
The volume of timber used in .an efficient roof truss is 
given by:
3
3.5 s.a. m where s = span in m
2a = ave. timber section m
Making allowances for the battens and nail plates (3) the ■ 
energy requirement for the truss is given by:
2(7000 a + 30) MJ/m projected area
k where b = truss spacing in m.
For a typical house a = 0.1 x 0.075, b = 0.6 giving 
2
115 MJ/m as the energy requirement for the trusses.
The total energy for the roof is given by (allowing for 
overlapping tiles):
Truss 115
1.4m2 tiles 252 MJ/m2
2
1m roofing felt .1 - .3 MJ/m2
2
lm plasterboard 65 MJ/m2
22m insulation 9 MJ/m2
440 MJ/m2
3.2.42 Flat Roof
Figure 3.7 illustrates a section of this roof.
2Considering an area of 3.5m , with joists at 600mm 
centres, and span of 6m:
Volume of joist = 6 x .178 x .038 m 3
= .04m3
The energy requirement is:
3
.04m_ timber) _ _ _ _  .
•06m3 timber) 150 " 250 MJ
7.2 m 2 (equiv.) insulation 32.4 MJ
10.8m2 (equiv.) roofing felt 1.1 - 3.2 MJ
3.6m2 plasterboard 234 MJ
420 - 520 MJ 
2Energy per unit roof area = 120 - 140 MJ/m
3.2. 43 Comparisons
The flat roof has a considerably lower energy requirement, 
due to smaller quantities of timber being used (a single 
joist has clearly less volume than a truss) and also 
because it is not tiled.
However, the maximum span for flat roofs is necessarily small
299
F I G U R E  3: 8  R E I N F O R C E D  C O N C R E T E  S T A I R W A Y
3.2.5 Stairways
3.2.51 Reinforced Concrete
Reinforced concrete stairways are more common in the case 
of communal stairways, often fitting in with a concrete 
building frame.
Considering a total rise of 2.7m in two sets of 7 steps 
(see Figure 3.8):
Width lm
Tread depth 240mm ■
Riser- height 190mm 
Half-way landing 1.2 x 2-. 2m
3Total volume of concrete = 1.4 7m 
Energy requirement is:
3
1.47m reinforced concrete 12936 MJ
3.2.52 Timber
Assuming the same overall dimensions as for the concrete 
stairway, the volume of timber is:
3Treads and Risers .12m
3
Strings .06m
Landing (boards & .
joists) .11m
29m3
Total energy
.29m3 timber 435 - 725 MJ
3.2.53 Comparisons
Stairways constructed from timber have a very much 
smaller energy requirement. This is solely due to 
the difference in materials energy cost between 
reinforced concrete and timber as the stairs are 
equivalent in other respects.
3.2.6 Windows
3.2.61 Aluminium Windows
Calculations were made by the author from standard design 
details which showed that the volume of aluminium required 
for a lm window is about .01m. The energy requirements are 
2lm glass 240 - 300 MJ
.027t aluminium 6630 - 8100 MJ
6 870 - 8400 MJ/m2
If the window is double glazed, the energy will be 
increased thus:
2m2 glass 480 - 600 MJ
. 03t aluminium 6630 - 8100 MJ
7110 - 8700 MJ/m2
3.2.62 Timber Frame
3 2A volume of .025m timber would be required for a lm
window.
The energy requirement is:
lm2 glass 240 - 300 MJ
,025m2 timber 37.5 - 62.5 MJ
278 - 363 MJ/m2
If this window is double glazed, the energy will be: 
22m glass 480 - 600 MJ
.025m2 timber 37.5 - 62.5 MJ
518 663 MJ/m2
3.2.63 Comparisons
The aluminium frame window- has a much higher energy . 
cost than the timber frame one, due to the high 
energy requirement of aluminium. This means that very 
little difference occurs when double glazing is added 
to the aluminium -frame, since the energy cost of 
glass is less significant. . On the other hand, in the 
timber frame window, the addition of double glazing 
increases the energy cost significantly.
It is also worth comparing the energy cost per window 
with that for external walls. The double glazed timber 
frame window is comparable with the timber external wall 
(which has the lowest value for walls). The aluminium 
window energy requirement is considerably higher than 
any wall requirement.
Double glazing will improve the insulating properties 
of the window, reducing the 'U' value (which gives an 
indication of heat loss) from 5.7 to 3.4. The 1U 1
value for the timber frame wall is 0.5. / ; r
/ /’ • • • - ’ J ' [ / ■ ' -
3.3 Infrastructure
The infrastructure has less variable components than 
the dwelling but comparisons can still be made between 
a few different situations.
3.3.1 Roadway Pavements
3.3.11 Flexible Pavements
The use of rolled asphalt or dense coated macadam as 
a road base is particularly appropriate for estate 
roads where a strong impervious, unsurfaced base is 
required to carry construction traffic. A thin 
wearing course, only,- is required to be laid when 
construction is completed (4).
2The energy requirement for lm of road can be 
calculated as follows:-
Layer 
Sub-base 
Road base 
Surfacing
Material 
Crushed stone 
Rolled asphalt 
Rolled asphalt
Thickness Volume MJ/m 
380mm
80mm
60mm
.08m'
.08m'
.06m'
MJ
45- 450 3.6-36
970-1580
970-1580
78 -126 
58 -95
140-257,
MJ/m'
3.3.12 Concrete Pavement
For a concrete pavement(5) the energy requirement can be
2calculated as follows, considering lm area:
Laver
Sub-base
Slab
Material 
Crushed stone 
Concrete
Thickness Volume
80mm
180mm*
.08m'
.18m'
MJ/m MJ
45- 450 3.6- 36
.3220-4220 580-760MJ/m
584-7.9 6MJ/m
* Additional thickness as recommended for construction traffic (5)
If the slab is reinforced, the energy becomes:
Crushed stone 80mm .08m2 45- 450/m3 3.6 - 36
Concrete 130 .13 2440-3310/m3 317 - 43
Fabric 2.22kg/m2 2.22kg 30- 50kg 66.6 - 11
387 - 57 
MJ/m
,3.3.2 Footpaths
3.3.21 Concrete Paving
Concrete paving stories have an energy requirement of 2750 - 3500 
MJ/m3 which is equivalent to 138 - 175 MJ/m3. They are laid 
on a 50mm hardcore bed. The total energy requirement is 
thus:
2 ~
Concrete paving 138 - 175 MJ/m
Hardcore 2 . 5 - 2 5
140 - 200 MJ/m2
3.3.22 Blacktop
A blacktop footpath- consists of 150mm of hardcore base
on. which the asphalt surfacing is laid to a thickness of
255mm. The energy requirement for lm of footpath may be 
calculated as follows:
Hardcore 6.7 - 67 MJ/m2
Surfacing 54 - 87 MJ/m2
Sub-base
Slab
60 - 154 MJ/m2
3.3.3 Pipes and Cabling
The figures quoted in Table 2.1 page 24, are typical of 
materials used on housing estates, but major 
variations occur depending on factors such as 
working pressures and numbers of dwellings served;
.3.4 Conclusions
When various types of construction are considered 
and energy costed in detail,.then the effects of 
different materials' can be seen.
In the calculations in this chapter the energy 
advantage of wood over both metals and concrete 
is shown clearly. Other slightly less marked 
advantages are also shown either in the use of 
materials or in the combinations of those materials 
in structures.
The effect of using insulation on the construction 
energy requirement can be seen to be small, but 
there will of course be positive effects on the 
operational energy (see Chapter 6.3.2.) There is thus 
much scope for developments in construction using 
increased insulation.
However, in order to see these differences between 
components in their true scale, the structures must 
be considered as a whole. Therefore, this discussion 
of various parts of structures, which pinpoints specific 
differences, serves as an introduction to the considera­
tion of the whole structure in the next chapter.
References
1. Campbell, Reith and Partners, Hainthorpe Road Housing, 
1976 (private communication)
2. Campbell, Reith and Partners, Hillingdon Housing, 1976
3. Barbasiewicz, N., "The Materials Energy Costs of 
House Construction" Final Year Project, Dept. Civil 
Engineering, University .of Surrey, 1978
4. Asphalt and Coated Macadam Association Ltd., "Modern 
Flexible Road Construction", ACMA, 1976.
5. Department of the Environment - Road Research Laboratory 
RN 29 "A Guide to the Structural Design of Pavements 
for New Roads", H.M.S.O., 1970.
CHAPTER FOUR 
DWELLING CONSTRUCTION ENERGY COSTS
Chapter 4
Dwelling Construction Energy Costs
4.1 Introduction
In the previous two chapters, the manufacturing energy 
requirements of materials and how they are used in various, 
building components were discussed. The aim of this chapter 
is to make use of these figures showing how the materials 
are used in the whole dwelling and assess the variations in 
capital energy consumption that occur.
The factors considered for their effect on the energy 
requirements are:
( i) the materials used and their importance 
to the overall structure;
( ii) the type of dwelling;
(iii) the quality of dwelling - local authority 
or private sector;
( iv) the age of dwelling.
The information used for the study was in three different 
forms:
( i) Bills of Quantities, giving greatest detail;
( ii) Building Studies taken from the Architects' 
Journal;
(iii) Working Drawings.
The three sets were analysed separately as they were 
presented very differently and they also served to 
highlight different aspects.
Some comparisons and statistical analyses of the 
energy costs are presented.
4.2 Calculations
4.2.1.
Only the major structural elements were considered in 
obtaining the energy requirements. Standard items such 
as wiring, decoration and sanitary fittings were excluded.
The energy costs of these items are small and show very 
little variation from one situation to another. (Other 
authors involved in similar work consider these a 
constant addition and therefore ignore them (1, 2)).
The structural elements included were the same in each of 
the three sets of information, although the means of 
obtaining the quantity differed as the detail of informa­
tion provided differed.
4.2.2. Study I. Bills of Quantities
Complete bills were obtained for the housing on four 
estates completed in the period 1978/79:
( i) Prospect Estate, Farnborough - 16 bungalows
748 terraced dwellings
( ii) Duffryn Estate, Newport - 34 terraced houses
30 flats
(iii) Josephs Road/ Guildford - 34 terraced houses
30 flats
( iv) Scovell Road, London, SE1 - mixed estate, mainly
terraced housing.
Details of these are given in Appendix A.
The Bills of Quantities contained the most detailed 
information, listing all materials composing the structure. 
This thus necessitated very lengthy calculations, as 
each bill contained in excess of 200 pages, but resulted, 
in the most accurate analysis.
A page from one of the bills (Josephs Road) plus the 
calculations to determine the energy for that section are 
shown in Table 4.1. The calculations were continued 
throughout the bill in the same way in order to obtain the 
total energy requirements for the major structural compon­
ents. Not only was the total energy calculated, but also 
the energy per dwelling, the energy for unit floor area, 
and also the proportions contributed by the various elements 
of the structure.
The results are summarised in Table 4-. II. •
4.2.3. Study II. AJ Building Studies
The Architects' Journal regularly publishes building 
studies, including cost analyses oh recent housing 
developments, and these formed the basis of the second 
set of data in this section.
A complete building study for one development (Langdon 
Hills, Basildon) is included, after p . 48,together with the 
calculations to obtain the energy requirements. All the 
studies are summarised in Appendix B.
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This source was- the most, comprehensive as it consisted 
of a wide range of types and sizes dating from 1965 
onwards. They were mainly local authority or new town 
developments but some private developments were included 
to show any variation that might be caused by this. The 
types of dwelling were mainly terraced or detatched 
housing and medium rise blocks of flats. The lack of high 
rise (one only included, and that not in full detail) left, 
a gap in the analysis but recent years have seen a decline 
in the use of high rise dwellings and so details of new 
construction were not available.
Some assumptions were required, particularly in determin­
ing the foundation quantities. These were assumed to be 
the minimum required for the size and number of stories of 
the building and so no special features were shown. How­
ever, the descriptive part of the published studies, tog­
ether with plans and sections, helped to augment the cost 
analyses and so give as accurate a result as possible.
The main differences between the AJ studies and the Bills 
of Quantities studies lie in the exclusion, in the former, 
of some timber (roofs and finishes) and concrete (lintels 
and foundations). The final differences in total results 
were of the order of 5-10%.
As in the case of Study I, the energy requirements were 
calculated for various parts of the structure as well as 
the total. These are summarised in Table 4.III.
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4.2.4. Study III. Working Drawings
The third source of data was working drawings off which 
the materials quantities were taken, considering all the 
major structural components as above.
Three dwellings were studied:
Scovell 'K type1 1976
Further details are given in Appendix C.
This study enabled trends in energy requirements over this 
century to date, to be shown. All three were standard 
local authority dwellings and so were comparable on that 
account.
The calculations were carried out in the same way as for 
Studies I and II. The results are summarised in Table 
4.IV.
4.3 Discussion of Results
4.3.1. Study I. Bills of Quantities
There is a wide variation in the results, most clearly seen
if the energy costs per total floor area are compared (see
?
Table 4.II). The range of values is 1.6 to 5.5 GJ/m floor
Cline Road 
Westborough
1900
1936
area.
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Two of the values are particularly high: those for Prospect
and Scovell. For Scovell Road estate the substructure 
energy requirement includes garages, thus greatly increasing 
the requirement (these cannot be ignored as that would mean 
no substructure would be present). For the Prospect 
bungalows the reason is less obvious, but lies in the fact 
that there are single storey dwellings with a resultant 
large proportion of ground floor slab and foundations. This 
suggests that, per unit floor area, bungalows are not an 
•economical form of construction in energy terms. The sub­
structure for both these developments contributes 57% of the 
total.
The. substructure requirement for the Duffryn terraces is 
also a high percentage (58%), but this is due to a low 
total requirement, showing the adventitious use of timber 
frame construction.
The other developments have similar energy requirements of 
22.0 - 2.3 GJ/m floor area: they are similar brick/block
constructions..
In all cases the substructure and external walls contribute 
a major portion of the total energy cost. It is also 
notable that finishes take about 16% of the total energy 
requirement. This is mainly due to the use of energy 
expensive plasterboard.
The data are summarised in Figure 4.1, which shows the 
log of the energy requirement plotted against the log of 
the total floor area: a straight line can be fitted.
However, Scovell and Prospect are shown not to fit, being 
of a high magnitude. The Duffryn terraces, on the other 
hand, are shown to be consistent with the rest of the 
data.
energy
1  mill *
100000  ■
1 0 0 0 0  ■
1000  -
1miH 10 mill log total 
floor area
1000001000 10000
F I G U R E  4=1 V A R I A T I O N  O F  E N E R G Y
R E Q U I R E M E N T  W I T H  F L O O R  
A R E A  ( B O  Q S T U D I E S )
1 Prospect ■
2 Josephs Road ( t e r r a c e s )
3 Josephs Road ( f l a t s )
4 Josephs Road ( t o t a l )
5 Scove l l  Road
6 D u f f r y n  ( f l a t s )
7 D u f f r y n  ( t e r races)
4.3.2. Study II. AJ Building Studies
This set of results was the only one amenable to 
statistical analysis, as the other two contained too 
few cases. The standard computer package, Statistical 
Package for the Social Sciences (SPSS), (3), was used
to perform the regression analyses. The dependent 
variable of capital energy requirement was regressed 
against various independent variables. These were 
selected largely on the basis of the results of the 
first study from the bills. For example, the sub­
structure and external walls were shown to have a 
significant effect on the overall energy requirement.
Type of dwelling, storey number, cost of construction 
and quality were also considered to see whether they 
caused variation in the results.
The variables such as floor area and wall area have 
significant cross correlations and so multiple 
regression is inappropriate. Relationships were, 
however, found between the capital energy requirement 
(CER) and total floor area (TFA), ground floor area 
(GFA), external wall area (WALAR) and foundation 
volume (FOVOL).
Figure 4.2 shows the relationships between CER and TFA and 
GFA for the range of dwellings studied. The regression 
lines shown are:
log CER = 0 . 1 8 + 1 . 1  log TFA r = 0.976
and
log CER = -1.15 + 1.42 log GFA r = 0.9 71
s
£
*o»
o
♦
CO
O
it
qc 
Iu 
o  
cn 
o
E SM E
u- o
2 o
cn ■*-* 
© 4*
Oc 4—#
o Oj• •— l_
"o
TO
c
O
u
C
o
o
E
ov_
a>
E
o
o**— V)a
u
l_
O cr
TJ JO jC *aJ
— 4> E cn a>
£L Q_ H  -C  {/)
Ll  O  U- C5 Ll
c l  EL t _  . m  <j)
Ll,+
£o
cn
j o
CM
*st
+
un
i
1
CC
LU
O
cn
o
O
o
— > 
O
g\§
ooooo
C5a;
oooo
ooo
oo
<
LU
cc
<
cc
o
o
I-
C/>
z
<
(3
<
h*
z
LU
2
LU
CC
O  ~  
COLU
a:
>■
o
cc
LU
z
LU
CM
LU
CC
3
a
LU
Q
3
H
CO
“D
<
cn — 
*- 6 
C7i ^  —
.2 g
ooooo
oo
o
o
ooo
o
o
The gradient of- the GFA regression line is steeper than 
the TFA line due to the relationship between foundation 
volume and GFA. As noted in section 4.3.1 the founda­
tions contribute a major portion of the total energy 
requirement.
The regression coefficients for the lines shown indicate 
good correlation (r = 0.976- and 0.971). There is, 
however, some scatter.of points, but some of the causes 
of variation can be accounted for. The points distant 
from the TFA line have been annotated in Figure 4.2.
The use of timber frame construction leads to a lower than 
expected CER value. The use of precast concrete, piled 
foundations, steel frame and high quality construction 
give CER values which are higher than expected.
Figure 4.3 shows the relationship between WALAR and CER. 
The regression line is:
log CER =-0.28 + 1.15 log WALAR r = 0.98
The relationship between CER and FOVOL, shown in Figure
4.4 should not be used for the estimation of CER except 
where the foundation energy requirement is known to be 
a large proportion of the total. The best fit curve for 
this data proved . to be for a power law:
log CER = 2.198 x (log FOVOL)0 *652 r = 0.96
log
energy
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In addition to the relationships discussed above, other 
factors can be noted:
( i) Although use of high quality construction 
gives an increased energy requirement per 
unit floor area, there is no relationship 
between the financial cost of construction 
and the energy requirement.
( ii) Foundations use between 15 and 75% of the 
total energy requirement.
(iii) In relation to houses, high blocks of 
flats use approximately twice the CER 
per unit floor area.
( iv) Surprisingly, wall and floor finishes
in the private sector (Nos. 1-7.in Table 
4.Ill havelower materials energy require­
ments than public sector buildings.
Whilst the private sector used many types 
of finish (including 'natural') the public 
sector buildings almost invariably have 
plasterboard and thermoplastic tiling, 
both of which are energy intensive.
( v) The figures obtained in this study are
higher than others produced by Gartner and 
Smith (1) and Barnes and Rankin (2), who 
carried out studies based on average 
materials quantities. This is particularly 
noticeable for flats which they estimate 
to have CER values of 95-165 GJ per dwelling 
compared with the 300-600 GJ obtained here. 
Differences are attributable to the exclusion 
in other studies of small but essential elements 
of construction and the underestimation of items 
such as foundation volumes often significant in 
practice.
4.3.3. Study III. Working Drawings
Very little variation is shown to exist in material 
energy terms between the houses built over a 70 year 
period. The major contributing factors remain the 
same also - namely: the foundations and external 
walling. However, although all three houses are basic 
local authority dwellings, .there are considerable 
differences in facilities, the standards having changed 
over that time particularly with reference to the 
provision of bathrooms. Thus, in terms of facilities 
provided, the 1976 house is more energy efficient.
It is also worth noting that the insulating properties 
of the 1976 house would also be superior to the solid 
brick walls of the 1900 house.
4:4 Future Designs
As noted above in section 4.3.3., little change has 
occurred in energy requirements for dwellings during 
three quarters of a century. However, as designs 
become more developed changes may 'be expected to occur 
through design type or use of materials.
"Low energy" houses have been built at the Building 
Research Establishment (4) which are of approximately 
conventional construction. They owe their low operational 
energy requirements to special devices such as heat pumps' 
(see Chapter 6).
The houses are timber framed and have capital energy
2
requirements of about 150 GJ or 1.7 GJ/m which is
comparable with other timber frame houses. One of
the houses, however, has a CER value of 315 GJ or 
2
3.2 GJ/m floor area; the large increase being 
caused by the use of aluminium roofing as a solar ' 
collector. Here, in reducing the operational energy, 
an increase is incurred in the capital energy.
The balance between these two aspects is discussed 
further in Chapter 10, but it is of note that some of 
the materials put forward for future operational 
energy conservation have themselves high capital 
energy requirements. Insulation, on the other hand, 
has a small capital energy requirement and its free 
use is therefore beneficial.
4.5 Maintenance
The energy requirements being considered in this 
chapter are the capital energy requirements but it is 
worth considering any additional energy cost that might 
be accrued.in maintenance of the dwelling. Considering 
a traditionally built dwelling: even over a period of 
100 years the replacement of a few roof tiles, 
repointing of brickwork and replacement of some external 
timbers are the only major outlays that would be necessary. 
Timber frame dwellings are frequently clad in brick work 
and so the requirements would be the same as described 
above. Where the cladding is weatherboarding an increase 
in the need for timber replacements could occur but as 
noted in Chapter 3, timber structures have lower' energy 
requirements.
In energy terms, all these maintenance requirements are 
negligible compared with the capital requirements.
4.6 Conclusions
In general, the energy requirement may be expressed 
in terms of the total floor area (TFA). This is the 
most useful of the independent variables having a 
relationship with the CER as it is used for Parker 
Morris Standards and is also a common means of 
expressing financial costs.-
The relationship is given by:
log CER = 0.18 + 1.11 log TFA.
Since the gradient of the line is +1.11 it can be 
seen that larger blocks have higher energy costs per 
unit floor area due mainly to their requirement for 
more elaborate structures and foundations. - If this 
is extrapolated to include high rise dwellings it 
would seem that very high energy costs per floor area 
would result due to the necessarily heavy foundations 
and the likely use of steel or reinforced concrete 
framework.
The magnitude of CER values obtained ranges from 100 -
1000 GJ per dwelling. Minimum values are obtained for
2■ timber frame terraces of about 90m floor area and
maximum values for large brick built detached houses 
2of above 200m floor area. Flats have CER values 
between these at 300 - 600 CJ per dwelling.
Changes occur in energy requirement not only with size 
and type of dwelling, but also with materials used. 
Steel and concrete show considerably higher energy 
costs than timber.
Future developments should therefore be based on low 
rise developments and of simple construction.
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CHAPTER FIVE
ENERGY REQUIREMENTS OF 
INFRASTRUCTURE CONSTRUCTION
Chapter 5
Energy Requirements of Infrastructure Construction
5.1 Introduction
Moving on from the individual dwelling or block, this 
chapter is concerned with the links between the 
dwellings which make up an estate, namely the 
"infrastructure". The materials used in the construc­
tion of the infrastructure have been introduced in 
Chapter 2. Here it is shown how the materials are 
used in various estate layouts, and tentative v
calculations are made of the total energy used in these 
layouts, in order to give a picture of the whole estate.
Stone (3) carried out an economic analysis of the variation 
in infrastructure cost and this chapter contains a 
similar analysis in energy terms.
Variation in layout is the main feature considered in 
this chapter as this involves changes in material 
usage and quantity. Housing density is affected by 
layout and so this will be used as a comparative measure.
There are two methods of analysis and each will be 
considered separately.
5.2 Methods of Analysis
The information was derived in two different forms:
( i) Bills of Quantities.
The bills enabled very accurate infrastructure 
energy costs to be calculated and compared with 
dwelling requirements (see Chapter 4) for three 
estates:
Prospect Estate, Farnborough 
Josephs Road, Guildford 
Scovell Road, London SE1.
Full details of these estates are given in 
Appendix A.
(i'i) Site Plans .
Site plans of several estates, most of which 
have also been analysed for their dwelling 
energy requirement, were used to obtain 
fairly accurate and readily comparable 
energy requirements.- These were a variety 
of different types of layout:
No vehicular access
Limited access
Radburn (pedestrian/ 
vehicular segregation)
Road'Frontage
Full details of these estates are given in the 
- Appendices A to C.
Some of these estates were then further analysed to assess 
what changes would result in energy terms from changes in 
access, parking provision and other variation in layout.
- a.) Scovell Road
- a)High Kingsdown 
is) Thamesmead.
-  a.) Duffryn
t) Langdon Hills
- a) Guildford Park 
>=) Lakeside Drive
5.3 Calculations
The rates of energy consumption for materials used 
throughout these calculations are those obtained in 
Chapter 2. A full list is given in Table 2.1, page 24.
5.3.1. Bills of Quantities .
•The calculations on the bills of quantities were carried 
out as for the dwellings, described in the previous 
chapter. The items included were the roads, paths, 
parking areas, drainage and the pipe work and service 
cables for which the contractor was responsible. For 
each item the bills listed all constituent materials.
The energy requirement for the infrastructure was 
calculated and expressed in terms of the number of 
dwellings,-site area and density. The results are 
summarised in Table 5.1.
5.3.2. Site Plans
This set of calculations was based ‘on engineering 
drawings and some descriptive information. Whilst the 
•roadway and path energy requirements were accurately 
obtained, careful approximations had to be made for 
drainage and services. The drainage energy requirement 
was calculated using an overall energy cost per metre 
run calculated from the bills of quantities. However, 
these varied little from estate to estate and so, in 
view of their known inaccuracy, were not made part of 
the main analysis. An average factor can be used and 
this is 14 GJ/dwelling for a medium density development 
(about 60 dph). It is-also true that there is less
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scope for variation, as drainage and services must be 
provided to each dwelling whereas road access may be 
varied. The energy will depend on the length of pipe 
or cable (little potential for variation of materials 
exists currently) and this will depend not only on the 
layout but also on site conditions such as ground- 
slope and external provision for connection to existing 
services.
Provision for streetlighting was also considered, in 
terms of energy requirements for columns but. was found 
to be small. (About 3 % of the total infrastructure 
requirement). Street lighting was, however, included 
in the operational side in section 5.5.
A full calculation of the infrastructure energy 
requirements and a site plan for Langdon Hills are 
given in Table 5.II. This is what is known as a 
Radburn development with single sided cul-de-sac 
access to terrace housing. A footpath network, 
separate from the roadway, also serves the estate.
The total energy for each of the items considered and 
the totals related to the estate descriptors for each 
estate, are given in Table 5.III. •
Table 5.II Langdo'n Hills
Calculation of Roads and Paths Energy Requirement
Element
Area
2
m
Energy/unit area 
MJ/m2
Energy
MJ
Roadway 
7 cul-de-sacs
5635 140 - 257 788900 - 1448195
Footpaths 
along terraces 
Perpendicular 
Throughblock s 
Other areas
2330
980
825
1406
142 - 217 786822 - 1202397
Total 1575722 - 2650592 •
Average 2113157
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5.4 Discussion of Results
5.4.1. Bills of Quantities
Quite a large variation is shown to exist between the 
three sites and the elements included but if the whole 
estate is considered - dwellings and infrastructure - a 
total picture can be built up. When the infrastructure 
energy requirements are added to the total for the 
estate, it can be seen that the infrastructure 
requirements are approximately 20% of the total in all 
three cases.
5.4.2. Site Plans
5.4.21 Comparison with Bills of Quantities
Scovell Road, which was studied both from the bills and. 
from a site plan, serves to show the difference between 
the two methods. Both the drainage and the roads and 
paths values from the site plan are about a quarter of 
those from the bills.
Josephs Road also shows variation between the energy ; 
requirements for roads and paving calculated from the 
'bills and the site plans; a ratio of about 3:1.
Since the bills of quantities include all materials this
figure will be larger and more accurate. However, there
is an additional factor which causes the values calculated
from the bills of quantities to be larger. The construction
of. a roadway pavement for an estate, as recommended in Road
Note 29 (1), is outlined in Chapter 3 and leads to an energy
2cost of 140-257 MJ/m . This is the figure used in calculat­
ing the energy requirements for the site plans. On the other
hand, the construction details given in the bills are 
based on a pavement composed of a heavy concrete slab 
(which is used for construction traffic) and an 
asphalt surfacing and together these have a very much 
higher energy requirement of 512-794 MJ/m . The 
difference in roadway construction requirements 
obtained by these two methods is about 1:3, which 
accounts for a large part of the difference between 
the totals obtained for the.bills and the site plans.
5.4— 22 Comparison of Site Plans
The site plans are all analysed on the same basis and 
so are comparable. Turning to Table 5.Ill, p70, the 
variations between the different situations .can be 
seen.
If the road and path energy requirement is plotted 
against the dwelling density (Figure 5.1) a sharp 
increase is shown for a reduction in density. A 
trend of this sort would be expected, since low density 
developments have longer road and path lengths per 
dwelling, high density developments, often not serving 
each dwelling except by footpath. •
The energy requirement for Duffryn is high compared with 
the other sites, due to the very high proportion of 
roadway, not only fronting the houses but also 
encircling the estate. An extensive network of footpaths 
also exists. Thamesmead and High Kingsdown- have high 
values probably due to the large paved areas.
The layout, that is whether there is full vehicular access 
or restriction, does not seem to affect the energy 
directly but it does affect density and in that way has an 
effect on energy.
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There are ways in which the layout may be altered slightly 
without affecting the density but with effects on the 
energy. For example, the proportion of roadway may be 
reduced in Langdon Hills.
f 65
From the diagram in Table 5.II it can be seen that each 
row of terraces is served by a cul-de-sac. If alternate 
roads were removed so that each road served two terraces, 
the total energy would be reduced by 28%. The density 
would not be affected but there would be environmental 
changes resulting in lower parking provision and the 
basic principals of so-called Radburn planning which are 
dual access and separation of pedestrians and vehicles, 
would be lost.
Considering Duffryn, Appendix A, it would be possible to 
remove the perimeter road and link the culs-de-sac so that 
it is still possible to drive right through the estate. This 
results in 2300m less roadway and a reduction of 18% in 0 
the total energy. This is coupled-with very little 
environmental change as although some housing would then 
have some additional traffic passing the door, the cul- 
de-sacs themselves would be left undisturbed, and rear 
pedestrian access would be unaffected.
The development in Guildford Park could be altered so 
that road access were not provided to every dwelling but 
a service road provided and footpath access to every 
dwelling. Additional parking, could also be included 
to compensate for the loss of road frontage parking 
without making further changes to 'the layout. This 
would result in energy savings of 19%.
Such changes as these are only possible in medium .density 
developments. High density, particularly low rise, is 
generally achieved by restricting access and little 
potential remains for further changes. In the case of 
low density developments, the spacing of dwellings is 
generally such that although the length of roadway per 
dwelling is large it is the minimum acceptable for the 
development.
The magnitude of the changes that can be achieved in 
this way is about 20% and therefore a measurable affect 
which could be implemented for energy savings. However, 
as discussed above, the possibilities for changes are 
limited, and they lie generally Within the trend shown 
in Figure 5.1 and so a relationship between density and 
infrastructure construction energy requirements may 
still be considered valid.
5.5 Maintenance and Running Energy Requirements
Some idea of the relative importance in energy terms, of 
infrastructure maintenance with respect to construction, 
can be gained from national figures. Charlesworth (2) 
quotes the energy requirements for- 1974 as:
6Road construction 45 x 10 GJpa
6Road maintenance 10 x 10 GJpa
6Road cleaning 5 x 10 GJpa
6Street lighting 23 x 10 GJpa
The highest energy cost, after construction, was for 
street lighting. Looking in more detail at the 
requirements of housing estate lighting, a figure 
of 14 MJ/m/yr is obtained, assuming lighting at 35W 
and 35m spacing. This is equivalent to 70 MJ/house/yr 
for medium density development.
Maintenance is shown by Charlesworth (2) to be between 
1 and 10% of construction per metre of road (assuming 
surface dressing to constitute average maintenance). 
Thus for flexible paving the figures are 1400-2570 MJ/m 
for construction and 15-250 MJ/m.for maintenance. The 
maintenance cost is a very wide range but still a small 
proportion of construction even if maintenance is 
carried out more than once during the life of the road.
If a design life of 40 years is assumed, the total cost 
of street lighting for this time is 460 MJ/m, that is 
about a quarter of the road construction cost.
Thus as -in the case of the dwellings, the construction 
costs are considerably greater than the maintenance 
costs. However, the running costs for infrastructure 
are significant.
5.6 Conclusions
The infrastructure energy requirement is less than that 
required for the dwellings. A figure of about 20% of 
the total energy would accrue to the infrastructure.
The major components are the roads, paths and drainage 
but the proportions of these.vary from one development 
to another.
The analysis discussed in this chapter is somewhat 
tentative and no definite relationships have been 
obtained. However, a trend in the relationship between 
energy and characteristics of the estate is clearly 
shown. (see Figure 5.1)
Details of the energy requirements of pipe runs are 
not included in the figure. They are considered(5.3.2) 
to show little change in energy terms with variation 
in layout, being dependent on other features.
The density affects the energy requirement: a higher
density has a lower requirement. This is caused by the 
need for increased road frontages in low density 
developments
Savings occur in infrastructure energy requirements if 
medium densities are used. The reduction in energy 
requirement is smaller for increasing density at higher 
densities and it is at medium densities, also, that 
greatest potential exists for reduction in road space 
that will further reduce the energy.
The use of materials gives less potential for reduction 
in energy requirements than for the dwellings, but the 
most significant area is roadway pavements where use of 
RN29 (1) for design leads to greater economy than the 
construction often used in housing estates.
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CHAPTER SIX 
OPERATIONAL ENERGY CONSUMPTION IN DWELLINGS
Chapter 6
Operational Energy Consumption in Dwellings
6.1 Introduction
In this chapter the use of energy in dwellings and the 
various factors which cause changes.in the requirements 
are discussed. This is mainly with a view to determin­
ing the possibilities for conservation and hence future 
consumption of energy. Research work has been carried 
out in this field and some of this is reviewed. However, 
as this thesis is primarily concerned with the built 
form and its effects on energy use, an aspect which has
received less attention in other studies, this will be
dealt with in detail,.
This chapter, therefore, provides a summary of present 
work to lay a foundation for the author's own consider­
ation of the subject in the next chapter.
6.2 The Use of Energy
Energy is required within the dwelling for a number of 
purposes. The principal function of any building is to 
modify the external climate and this is achieved partly 
by the fabric and structure of the building and partly 
by energy sources. Many of the activities which are 
carried out within a building also use energy. However, 
these are much less significant than*heating requirements 
as can be seen, from the following figures for the percent­
age energy requirements for the main household uses:
space heating 
water heating, 
cooking
64%
22%
10%
miscellaneous
electrical 4% (Ref.1)
In buildings there are sources of heat other than .the 
heating system - occupants, lighting, sunshine, 
machines - which also have an effect on the fuel 
consumption.
Thus, any study of energy use within a dwelling must 
consider a variety of different situations and the 
balance between them.
6.3 Conservation
6.3.1.
Since many factors are involved in determining the fuel 
consumption, so there are correspondingly a number of 
different possible means of fuel conservation. These 
can be through adaptation of existing housing stock or 
fuel systems, or through new developments.
The fuel required for space heating is the major element 
within the dwelling and so the following sections deal 
mainly with this. The savings from the various methods 
are not purely additive and some are in fact mutually 
exclusive. It is estimated that 12% of the total primary 
energy consumption can be saved by use of these methods (1) 
However, it should be noted that in many cases the • 
determining factor in the effectiveness of these measures 
lies in the use made of them by the occupants. In some 
cases there.can be justifiable increases in standard of 
living, but savings can also be made where occupants are 
prepared to accept lower living temperatures, compensating 
for this by extra clothing.
6.3.2. Methods, of Conservation
6.3.21 Fabric
For a building the’U ’value (thermal transmittance or 
heat transfer coefficient) is a measure of the rate at 
which heat is transferred through the fabric. The heat 
loss is proportional to the*U'value, the internal and 
external temperature difference and the thickness of the 
material. Thus, for given conditions, a reduction in 
‘U*value will lead to reduced heat losses and. hence a 
lower energy requirement to maintain a certain living 
standard.
The’U' value will be affected by choice of construction
material: for example a typical timber frame wall'has a 
* \ 2'u'value of 0.4 - 0.5 W/m deg C and for a typical
2cavity brick wall it is 1.8 W/m deg C. Alternatively, 
the value may be reduced by the addition of double 
glazing or extra insulation material such as cavity 
fill or loft insulation.
However, the'U*value is not the only criterion in 
determining the performance of the fabric. The 
insulation may be placed internally or externally 
giving the same ' u 'values (provided the same thicknesses 
are used) but different thermal performances. A 
thermally light interior is achieved if the insulation" 
is placed internally to, say, a load bearing brick wall and 
this results in a structure which heats or cools rapidly. 
The thermally heavy interior, achieved by placing the 
insulation externally, has a longer response time.
Provided that the two structures are heated continuously, 
there is little difference in the heat required.' On the 
other hand, when intermittent heating is used, the 
lightweight structure.requires less energy to raise its
temperature, but during the "off period" it also cools 
considerably more and has a much lower average 
temperature. These effects are not of great magnitude 
but do show that the position of the insulation is 
significant as well as its amount { 2 , .  3) . This is not 
considered further here.
The fabric is thus a means of controlling the heat 
losses with the possibility of reducing the necessary 
heat input. It has been estimated by Jones (11) that 
savings of 25% can be achieved in a semidetached house
by putting the 1975 Building Regulations into effect.
* * 2 This involves changes in'U'values from 1.4 to 0.6 W/m
deg C for roofs and 1.7 to 1.0 for external walls.
The saving accrued if all the housing stock were
improved would be about 4% of the national primary
energy consumption.
6.3.22 Ventilation
Obviously there is little point in having highly 
insulated dwellings if ventilation rates are excessive, 
although a degree of ventilation must be maintained to 
provide a healthy environment. It is estimated (1) 
that 1% of the national primary energy budget' could be 
saved if mechanically controlled ventilation were applied 
throughout the housing stock (allowing for the energy 
consumption of the fan). This would also require to be 
used with special construction techniques to reduce 
infiltration.. However, the Greater London Council (12) 
would not recommend indiscrimate draught stripping to reduce 
ventilation because of the resultant condensation problems.. 
The average rate of air change .in modern houses is 0.8 
air change per hour (ach) (15), and if this is compared 
with a 'desirable minimum of 0.7 ach it can be seen that 
little potential exists for savings by reducing natural 
ventilation..
6.3.23 Heating Systems
The Building Regulations tend to focus attention on 
insulation standards without paying as much attention 
to the building services. However, correct choice and 
design of heating systems can be at least as important 
as the fabric thermal performance.
Electricity is known .to be an inefficient means of 
converting fossil fuels for consumer use and primary 
energy savings would result from the changeover to 
direct use of fossil fuels for space heating, water 
heating and cooking. Thus a-domestic consumer could 
reduce overall consumption in this way, even though 
the electric appliance may be more efficient at the 
point of use.
The efficiency of the heating system is clearly an 
area where savings could be made and also improved . 
control of the system may lead to better use, but it 
is not clear what the degree of improvement would 
be. More research is required on this aspect but the. 
possible savings are estimated to be. about 4% of the 
national primary consumption (1).
6.3.24 District Heating
A way of improving the efficiency of use of primary 
energy in electricity generation is by the use of waste 
heat for domestic heating. However, there are consider­
able practical disadvantages for this, especially where 
electricity generation in the U.K. is concerned. Apart 
from the environmental issue of. the need to site power 
stations near residential developments, there is also
the problem of.using a condensing temperature of 30°C 
which is too low to be of use as a district heating source. 
This problem could be overcome with a resulting reduction 
in e f f i c i e n c y  of generation, but an increase in overall 
efficiency as the waste heat is utilised.
District heating systems need not necessarily be involved 
with electricity generation. Systems just using a 
communal boiler exist in several housing estates, and the 
greater efficiency of a larger system, well controlled and 
maintained, can be advantageous, even allowing for losses 
in distribution, which would be almost 10% annually for a 
modern scheme.
The maximum saving possible from district heating schemes 
is estimated to be 10% of the national primary energy 
consumption but this is somewhat hypothetical as it would 
require to be applied to the entire housing stock' (14).
6.3.25 Heat Pumps
The heat pump utilises heat from a low temperature source, 
delivering more energy into the building than is consumed 
by its compressor, typically in the ratio 2:1. The 
efficiency of such a device could be as high as 80% 
.compared with 27% for an electrical resistance heater 
(considering primary energy) and so primary energy savings 
would result.
If the domestic heating- load were met by such pumps with 
efficiencies of 80% the national primary energy consump­
tion could be reduced by 7% (14).
Current research at BRE (15) is also considering the use 
of heat pumps for heat recovery from waste hot water, 
which contains about half the heat delivered to the tap 
and therefore offers some potential.
6.3.26 Solar- Water Heaters
Although solar water heaters are commercially available, 
at present the capital cost of a solar heating system is 
likely to be too high, even compared with the energy, 
saved. However, it is estimated that 40% of the house­
hold hot water could be supplied in this way (4). The 
maximum saving on the national consumption is about 2% (1).
The installation of a solar heating system is dependent 
on the built form and so will be discussed later.
6.3.27 Wind Power
Electricity generation by wind power is possible but 
the low energy density and intermittant supply are 
great disadvantages. The economics of the system vary 
with the windiness of the site. Therefore, windy, 
isolated areas are more viable than densely populated 
areas which are also more accessible for conventional 
supplies.
Assuming that part of the housing stock could be supplied 
by windpower, a saving of about 3% might be achieved (14).
6.3.28 Overall Effects
An attempt has been made to show the possible savings 
associated with various' methods of conservation, as 
compared with the national primary energy consumption.
These are summarised in Figure 6.1. An indication of 
the .effects on the consumption for individual dwellings 
is also given in some cases.
The figures quoted, however, are generally the maximum 
possible and are unlikely to be achieved because of 
the difficulties of universal application and the 
increase in living standards which could occur in 
previously, under-heated dwellings.
It is not possible to give an estimate of the overall 
energy saving which would be achieved if certain of 
the conservation methods were combined, as the proportion 
of usage would vary. Also it should be remembered that 
many alternatives are mutually exclusive.
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6.4 The Energy Effects, of Built Form
6.4.1
The previous section.dealt with methods of energy 
conservation which were largely independent of the 
building for their effectiveness. The built form, 
including the shape and style of individual dwellings 
and the form of the overall development, will now be 
considered.
6.4.2 Historical Development
The availability of fuel had had an effect on house 
construction throughout history. . The traditional 
English cottage with its low ceilings, small windows 
and centrally placed fire is typical of low fuel 
availability design. More recently, two cheap fuel 
eras have influenced the styles of dwellings still in 
use today.
In the eighteenth century, coal was readily available 
even to the poorer people and the houses built at that 
time had large rooms and large windows, each room 
being heated by a coal fire. Later, as the national 
economy diminished, the effect was shown in the 
building of more semidetached housing with party walls 
acting as heat stores as they contained the living room 
fires and chimneys.
From 1950-1974, although only a short period of time, 
the ready availability of oil and electricity led to 
more open plan construction, large windows and central 
heating to maintain comfortable temperatures. This 
era came to an end with the "fuel crisis" of 1974 
and those involved in building design began to take 
an interest in designing with energy in mind.
The effects of fuel availability or heating requirements 
on the built form can be seen, especially when climatic 
differences are taken into account, and so it should 
also be possible to assess the effects of changes in 
built form on the energy consumption.
6.4.3 Built Form Factors Affecting Energy Consumption
Variations in energy consumption can be caused by 
features associated with the individual dwelling or with 
the form of the overall urban environment, that is the 
relationship of buildings one to another.
6.4.31 Location
0'Callaghan (13), in his book "Building for Energy 
Conservation", discusses the advantages of densely 
developed urban areas over open areas, because of their 
more ready ability to absorb solar radiation. The more 
varied skyline leads to a surface that is thermally 
blacker, and so absorbs the radiation, and can give rise 
to higher internal air temperatures. This effect is 
known as an urban heat island. It is not, however, 
totally environmentally beneficial as the formation of 
fog and rain is encouraged and the dispersal of 
pollutant is hindered.
The situation is.not only dependent on being within an 
urban block or not, but also on the overall exposure of 
the site. A very exposed site which would obviously 
cause an increase in energy requirements, would be 
unlikely to be found, within an urban mass.
The location of dwellings with respect to neighbouring 
buildings also has an effect; wind tunnelling and over 
shadowing being two particular problems. Wind tunnel­
ling could lead to effects similar to those occurring 
on a generally exposed site. High rise buildings show 
some of these difficulties most clearly as they tend to 
cause overshadowing because of size and will tend to be 
subject to windiness because of lack of shelter from 
neighbouring buildings and vortex shedding gives rise to 
problems at ground level.
A new estate at Northlands, Basildon (5) has been 
designed with these problems in mind. The houses are . 
build in approximately east-west terraces, sheltered 
from the prevailing wind' which would blow along the 
terraces by belts of trees planted at right angles.
The pitched roofs also deflect the winds and prevent 
overshadowing (see Figure 6.2).
The location of dwellings in straight runs is also 
advantageous for the use of district heating. The 
designers found that individual boilers were too 
inefficient for houses designed to have low energy 
requirements, and so communal heating facilities were 
planned. The houses are served by pipes running along 
the eaves for the length of a terrace, the design 
helping to keep the run lengths to a minimum.
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The problems of overshadowing are relevant to the needs 
of natural light and heat but particularly if solar 
heating is being considered. Overshadowing can be 
eliminated without producing a boring layout and even 
at relatively high densities. However, it is not solely 
a question of whether other buildings interfere with the 
sun's rays, but also it is a question of orientation of 
the dwelling.
6.4.32 Orientation
A south-facing window has a net 24 hour heat gain for most 
of the year, provided that the window is curtained over­
night. On the other hand, a north-facing window has a net 
heat loss for up to eight months of the year. This will 
make an appreciable difference to the space heating 
requirements. For the greatest effectiveness of solar 
heat gain, either for heating panels or ordinary glazing/ 
the orientation requires to be + 30°S (5).
If the Northlands estate is again considered, the. effect 
of orientation can be seen (Figure 6.2). All the main 
windows face within 23°S in order to achieve maximum 
solar penetration. The houses do not have any provision 
for solar heating, but the pitched roof shape would be 
particularly suitable for this.
6.4.33 Shape and Volume
Figure 6.3a (ref 6) shows how variations in heating 
requirement for a building occur with changes in the 
volume ratio, that is a measure of increasing floor 
area with constant height. As the volume increases, so ; 
also does the heat required, as would be expected, but 
the effect of shape changes is less significant. The 
optimum shape is a simple square plan, as it has minimum 
external surface area. A similar trend is seen if the 
heat loss is plotted against volume (Figure 6.3b); higher 
heat loss being associated with the larger volume.
However, if instead of considering the total heat loss
2 ' 3the heat loss per m floor area or m enclosed volume is
considered, a larger building is shown to be at an
advantage (Table 6.1). For increasing plan dimensions the
rate of heat loss reduces (ref. 7).
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Table 6.1 Comparative Heat Losses for Various Plan Areas
for a Single Storey Building-3m high (ref. 7)
Plan
Dimensions
m
Area of 
Glazing 
m^
Maximum rate 
of heat loss 
W/m2
10 X 10 100 58
10 X 20 200 50
10 X 30 300 48
10 X 40 400 46
20 X 20 400 43
20 X 40 800 39
20 X 60 1200 39
20 X 80 1600 38
40 X 40 1600 37
40 X 80 3200 35
40 X 120 4800 34
40 X 160 6400 34
80 X 80 6400 33
80 X 160 12800 32
160 X 160 25600 31
Assumptions
1. 50% glazing
2. conductances ^
walls, roof 1.1 W/m^ deg C 
windows 5.7 W/m deg C
3. Int./Ext. temp.-difference 20°C
4. Ventilation rate 2 ach.
Table 6.II Comparison of Heat Loss from a Building
3
of Volume 19200 m in one, two, three or four 
separate blocks (ref. 7)
Maximum rate 
of heat loss 
No. of Blocks (KW)
One
• Two 
Three
518
595
691
Four 730
Table 6.II shows the greater efficiency of one large 
building over two, three or four smaller ones all 
enclosing the same total volume.
However, considering construction energy it was shown in 
Section 4.3 that larger block sizes are less economical 
in capital energy terms,largely due to increased foundation 
requirements. The comparison between capital and operational 
energy requirements is discussed further in Chapter 10.
A practical application of this is in the use of blocks 
of flats or terraces as at Northlands, rather than 
detached dwellings.
6.4.34 Dwelling Type
Figure 6.4 (ref. 7) shows the variation in heat 
requirements for detached houses, end of terrace and 
middle of terrace, indicating a definite increase in 
energy requirements as the degree of attachment to 
neighbouring dwellings decreases.
Work in Norway (8) has led to the publication of figures
showing similar trends. In order to remove volume
effects and to compensate for heat losses and gains through
2glazing, dwellings of the same size: 100m and having the
2same window area: 20m were considered. Table 6.Ill gives 
the results of calculated energy requirements for detached, 
end of terrace and flats, showing also the effects of 
insula’tion. The flat requires only about a third of the 
energy for a detached house for all standards of insulation 
but improving the insulation does have a slightly more 
significant effect in the flat.
The effects shown in Figure 6.4 and Table 6.Ill will be- 
discussed further in the next chapter, together with the 
author'.s own findings (see section 7.4).
M ID D LE OF TERRACE
•MIDDLE OF TERRACE  
( s t a g g e r e d )
END OF TERRACE
D E T A C H E D
0.6 0.7 0.8 0.9 1.0 seasonal h e a t in g
r e q u i re m e n t  G J / m 2' 
F I G U R E  6 : 4  C O M P A R A T I V E  H E A T  R E Q U I R E M E N T S  
F O R  T Y P I C A L  H O U S E S  ( R e f . 7 )
Ta
bl
e 
6
.
Il
l 
Ne
t 
En
er
gy
 
Re
qu
ir
em
en
t 
f
o
r
•C
om
pa
ra
bl
e 
Dw
el
li
ng
s 
(R
ef
. 
8)
eg
o
eg
0
0
P
0
£o
b
•rH
£
eg
B
O
Oi—I
rd
0
P
0
p
o
oi—i
ft
o VO 00
o LO eg
1—1
T5
0
0
O tn d
p  0
0 p VO OD 00
b  -h  f-o • • •
0 p  o ro VO
D* eg i—1
•p 0
0  P
IS
O i—1 eg
O vO ro
iH
s
p p
rd ■H
Td
b 0
rd S o n d
•p P  0
co 0 P in O O
b - H b ■ • • •
b 0  P  u (T O VO
0 ro i—1
•H •P 0
-P 0  P
rd IS
i—i
P
w
b
H
. rb
4h U o <T
0  rd o VO ro
-P 1—1
^  0
Td
P
0
0
cu
ftT d
p  0
0  P (Tv un
b  -H H) • •
0  P U <T> ID 00
G1 CTv to
-p 0 i—1
0  p
IS
"b
0 O
ft 0 C/3 -H
>i 0 -P +>
.Eh 0 0  "H
P r—1 co
f t P f t  o
b 0 ft
•H Eh 4-1
i—1 0 O 0
i—I rb 4-1 ■—i
■ 0 a 0 ' 'G
£ 0 0 fG
p •p 0  *H
0 b <-H £
p H m  ^
6.5 Summary
From the above discussion it can be seen that there are 
many factors involved in the operational energy of 
dwellings, many of which depend on others for their 
effectiveness. For example, solar panels require that 
the building is correctly orientated and not overshadowed 
if they are to work efficiently as an energy conservation 
method.
Considering the operational energy, it can be seen that 
grouped dwellings, especially flats,which take advantage 
of natural light and protection, are the most efficient 
and. should become design features of future developments. 
This is, however, from the point of operational energy 
only. Comparisons with capital energy are made in Chapter
For alternative heating systems and insulation, it is 
generally possible to quantify the savings that would 
accrue from their use (see section -6.3.2.) . For certain 
features of the building form, on the other hand, the 
exact extent of their effect on energy consumption is 
not clear.
In order t o .quantify these effects a survey was carried 
out into the operational energy requirements of some 
.housing estates. This forms the subject of the next 
.chapter.
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CHAPTER SEVEN .
HOUSEHOLD OPERATIONAL ENERGY CONSUMPTION SURVEY
Chapter 7
Household Operational Energy Consumption Survey
7.1 Introduction
A household survey was carried out in order to quantify 
the energy consumption:in the dwelling, in terms of the 
built form variables discussed in the previous chapter.
The estates selected for the survey were six of those 
used for calculations of capital energy requirements' 
described in Chapter 4. This meant that it was possible 
to relate the operational and capital energy consumptions 
directly.
This chapter describes the survey and the analysis of 
results. ■ -
7.2 Survey Procedure
7.2.1 Survey Sites
It was decided to carry out a postal survey because of 
the very wide dispersal, of estates and also because of 
the lower manpower and financial requirements of this. 
Postal addresses were required to contact the householders 
directly. The relevant local authorities were asked if 
they would supply addresses (house numbers and street 
names) for the dwellings on the estates studied 
previously for construction energy, (section 4.2.3)and 
the details were obtained for six estate's:
1. Queen Anne Drive
2. Langdon Hills
3. Laindon 5
4. Dawsons Heights
5. Palace Fields
6. Ingestre Road
Full details of these estates are given in section
4.2.3 and Appendix B.
7.2.2 Sampling
The housing in these estates was of a fairly wide 
range although fewer detached houses than any other 
type were present, detached housing not being a type 
generally included in council developments. Queen 
Anne Drive., however, is a development of seven 
detached houses and all of these were included in the 
sample. All households in Dawsons Heights were also 
included as this was the only large block development . 
involved. The accommodation consists of several 
types of maisonette which could not be distinguished 
from the site plan and to take an arbitrary sample 
could have given bias towards one type. The other 
estates were sampled at 1/3, ensuring an even spread 
of all house types, which gave a total sample of 1000. 
The return rate was 20% and 187 were usable. A highe'r 
return might have been achieved with an interview 
technique rather than a postal survey, but the reasons 
for this have already been outlined.
7.2.3 The Questionnaire
A specimen questionnaire form and accompanying letter 
are given in Appendix E.
As the Architects Journal Building Studies (see section 
4.2.3) gave basic information on the estates and 
dwellings, the questions asked in the survey were 
designed to draw out information only- obtainable from 
each household. The questions had to be kept simple as 
there would be no contact between an interviewer and 
the householder when difficulties could be clarified.
The questionnaire was divided into three main sections:
( i) Dwelling details 
( ii) Fuel system and usage 
(iii) Person details
The first section merely required the householder to 
indicate the type of dwelling. This was then compared 
with site plans and published information on the 
estate in order to determine the built form factors which 
were thought to affect the dwelling consumption (see 
section 6.4) . It was felt that information such as 
floor and window areas would not be readily to hand for 
the individual householders and might deter some from . 
completing the rest of the questionnaire.
The second section requested information on the space 
heating type, water heating type and cooking type, 
together with the fuel requirements. Details of water 
heating and cooking, although not used directly, served 
as a check on the credibility of the fuel usage and 
also as a guide for converting the figures for fuel 
usage into consistent consumption rates.
The third section, giving details of occupation, income 
and number of residents was used as returned by the 
householder.. This information was required in order to 
determine whether such household characteristics also 
affected the energy requirements. It was not possible 
to assess the accuracy of this part of the survey; 
results from the first two sections would indicate 
reliable data.
In its final form, the study was based on the following 
variables:
Built form '; dwelling type
number of storeys
indication of block size
floor area
window area
position in-estate
(indication of exposure)
orientation of main windows
indication of overshadowing
Other variables _ : fuel type/heating system
number of residents 
socio-economic group (SEG) 
income
Dependent'variable‘.fuel consumption.
There are other factors which do affect the.energy 
consumption (see Chapter 6) but which were not included 
in the survey. Dwelling fabric does have an influence 
but all the dwellings in this survey were of similar 
construction having brick and block external walls and 
so this was discounted as a variable. Insulation was 
also discounted due to consistency within the sample.
The questionnaire included a question on whether there
had been any changes in insulation since the dwelling 
had been built: returns indicated no change. System
efficiency could not be determined but the type of 
system was noted and controlled. Ventilation again 
could not be determined but was assumed constant 
among the sample.
Variations in climate could- also affect the energy 
consumption and so in-order to be able to make 
comparisons with other studies the degree day tables 
were consulted (9). The period of the survey,
April, 1977 - March, 1978, was not extreme with a cool 
summer and mild autumn. January and February were 
colder than normal, but the average for the whole 
period was not greatly different from the 20 year 
average,thus the survey may be taken to be representative.
7.3 Analysis
Only estates without district heating schemes were 
considered initially.
7.3.1 Fuel Consumption Rates
The first stage in the analysis was the conversion of 
the fuel usage, given in monetary or fuel unit terms, 
and applying to a 'variety of time periods, into consistent 
units. This was carried out by a simple computer programme 
which took each of the five fuel types: gas, electricity, 
oil, paraffin and calor gas, and using current rates and the 
appropriate thermal equivalents (4), converted them into 
MJ per annum.
7.3.2 Statistical Analysis
As for all other analyses described in this thesis, the 
statistical analysis was carried out using SPSS (2).
A regression analysis with the fuel consumption as 
dependent variable was performed on the data first.
All the variables listed in section 7.2.3 were added 
in stepwise regression.
Further regression analyses and tabulations were 
carried out using those variables which had been shown 
to be most significant in the general regression.
7.4 Discussion of Results
Many of the variables included in the analysis wer e 
cross correlated, notably: wall area, floor area, 
window area, dwelling type and number of people, as 
would be' expected since these are all some form of 
measure of dwelling size. The correlation coefficients 
were of the order of .5 to .6. For this reason a full 
multiple regression could not produce meaningful results, 
since explanation of the data given by one variable 
was already accounted for by another.
However, the full analysis aid show which variables 
had the best correlation with the energy requirement.
The highest correlations were between ENERGY and 
DWELLING TYPE (.58), NO. OF PEOPLE (.57), DENSITY (. 66) , 
WALL AREA (.42), WINDOW AREA (.35) and FLOOR AREA (.33). 
DWELLING TYPE, when considered as a regression variable, 
is more accurately described as a measure of the' number 
of external surfaces (five for detached, down to one for 
mid-flats). This is a coarse measure and not strictly 
accurate, as the number of external surfaces is almost 
a continuous function throughout the sample. Use of
external surfaces as a surrogate for dwelling type' 
proved useful in the analysis.
In order to remove some of the anomalies arising 
from the cross correlations between variables, 
several regression analyses were run taking 
different combinations of variables. The most 
meaningful results were as follows:
OEC = 160.8 - 2.61 DENSITY (r=  0.66)
OEC = 3 . 4 + 1 0 . 8  NO. + 0.2 3 WALAR (r =  0.6)
OEC = 15.3 + 15.4 DWELTY (r = 0.58)
where:
OEC - o.e. consumption 
NO = number of residents 
WALAR = external wall area 
DWELTY = dwelling type
It should be noted that DENSITY although it has the 
highest correlation with the energy requirement, does 
not have a direct influence on the consumption. Density 
is not a first order variable but rather a factor affected 
by other variables. The style, type and size of dwelling 
have a direct effect on the energy requirement and they 
also depend on density, since above certain density levels 
these variables are constrained by planning and building 
regulations. However, use of density as a regression 
variable is a convenient means of summarising these other 
influences.
The relationship with dwelling type can also be shown 
as a series of histograms. Figure 7.1 shows the 
distribution qf energy consumption for each dwelling type. 
The two. types of flats show little variation between.them 
but terrace houses are shown to have a higher range of 
energy consumptions. Semidetached housing has a more
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even spread of values over a still higher range. 
Detached housing was a small sample but the results 
show clearly that they have the highest consumption.
The median values of energy consumption show the 
differences between the dwelling types most clearly:
25 GJ p.a. for flats
3 2 GJ p.a. for terraces
75 GJ p.a.' for semidetached 
115 GJ p.a. for detached
These results may also be considered in terms of the 
energy consumption per unit floor area (differences 
due to the different sizes of each dwelling type being 
eliminated). Figure 7.2 shows the histograms of energy 
consumption frequencies in GJ/unit floor area for each 
dwelling type. There is shown to be less difference 
between flats and terraces but the higher consumptions 
of semidetached and detached remain.
Figures 7.1 and 7.2 also show the results of other 
studies on energy consumption, for comparison. The 
ranges of values obtained in this survey are 
considerably larger than for other studies. However, 
the SEGAS (3) values, shown in Figure 7.1, are similar 
to the mean values for semidetached and detached, and 
for flats and terraces the values lie within the survey 
ranges. The mean values are compared in Table 7.1.
Table 7.1 Mean Energy Consumptions for
Various Types of Dwelling (GJ p.a.)
Dwelling SEGAS Survey
Flat 47 25
Terrace 72 32
Semi 84 75
Detached 115 115
Figure 7.2, concerned with energy consumption per unit
floor area, also shows values obtained by Granum (4) and
the Architects' Journal (5). The former are calculated
energy requirements for different types of dwelling 
2
(all 100m floor area) under different levels of 
insulation and the AJ work shows ranges of values for 
heating requirements for various dwelling types. Both 
references are discussed in greater detail in section 6.4 
and are shown here for comparison.
Granum1s values- for poorly insulated dwellings are the 
most comparable, whereas his values for good insulation 
seem to be very optimistic. The figures are for rather 
more severe conditions than those encountered in the 
survey: that is 56°N (e.g. Edinburgh) compared with five 
southeast England sites and one in Cheshire. Furthermore, 
the Cheshire, site (Palace Fields) had a 'higher average 
energy consumption than the other estates. However, 
Granum's work serves to show that there is considerable 
scope for improvement in insulating standards.
The Architects 1 Journal figures also show a very much 
smaller range of values than is shown in the survey.
Examination of the SEGAS figures (quoted here only in
terms of dwelling type) showed that they had.been
obased on a constant value of 0.83 GJ/m p.a. irrespective 
of dwelling type so that differences only occur with 
differences in size of dwelling. All other studies, 
on the other hand, show variation between both size and 
type of dwelling. This is thus a great oversimplification.
The number of residents is cross correlated with size 
of dwelling (r = 0.5-) and thus it would be expected to 
have an effect on the energy consumption. In addition 
to this, in larger families, there is a greater 
likelihood of the home being occupied and hence heated 
during the day. The number of rooms in use at one time 
and so heated is likely to be greater again increasing 
the energy consumption.
Surprisingly, no relationship was found between energy 
consumption and income or S.E.G. Nor, incidently/ c
between income'and floor area. Although it might be 
expected that higher income households would be prepared 
to pay more for their fuel and so would use more, the 
results of the survey suggest that comfort temperatures 
are a high priority for all income groups.
Work by .the Building Research Establishment (6) on the 
other hand, has shown a relationship between income and 
the amount people spend on fuel: a small increase in 
expenditure with increasing income. The results show 
little difference between different forms of heating 
in spite of the different tarrifs in operation and the 
fact that some heating is whole house heating while
others are restricted in extent. This B.R.E. result 
was not repeated in this survey.
Figure 7.3 shows histograms of energy.consumption 
against the major heating types encountered in the 
survey. Gas central heating has the largest range 
and the highest consumption- (50 - 170 GJ p.a.).
Gas fires and various - types of electrical heating 
are comparable at 10 - 90 GJ p.a.- while oil heating 
forms a middle range at 40 - 100 GJ p.a., but care 
must be exercised in interpreting these results.
When cross tabulations of energy consumption and 
heating type were computed, a high value of 187.4 
was obtained with a significance of better than .001 
indicating a clear relationship. However, this 
relationship is not based on the differences caused 
by different heating types, but rather the-use^made 
of those heating types. Gas central heating was used 
in all the larger houses, gas fires and electrical 
heating were used in all dwelling types except 
detached and oil heating was used less frequently 
and only in flats and terraces. The.above relationship 
between energy consumption and heating type is therefore 
dependent on dwelling'type.
7.5 District Heating Systems
7.5.1 Introduct i on
Two of the estates surveyed, Ingestre Road and Langdon 
Hills, had district heating systems, the heating for all 
dwellings being supplied from communal boilers. The 
responses to the questionnaire from these estates were 
therefore considered separately. The fuel consumption
dw e ll ings
40
20 1
^ 7-X777} V/TT^ Pzm gas c.h,
401
20
O
z
40
H 
<
-J
uj 20 - 
oc
T s
Z ZZ2L
MJ pa
e lec t r ic  c.h.
MJ pa
gas f ires
e le c t r i c  f i res
MJpG
s to ra g e  heaters
MJpa
40
20
50
W i
100
oil hea te rs
150 MJpa
F I G U R E  7 : 3  F R E Q U E N C Y  O F  E N E R G Y  C O N S U M P T I O N  
F O R  E A C H  H E A T I N G  T Y P E  
( S E E  T E X T  F O R  I N T E R P R E T A T I O N )
figures entered on the forms referred only to 
miscellaneous electrical uses and cooking, not to 
heating and water heating. These figures had then 
to be added to fuel consumption figures for heat 
from the communal supply to give the total dwelling 
consumption. The communal supply consumptions were 
obtained from the two local authorities- concerned.
7.5.2 Tnqestre Road
The boiler feeding hot water and heating supplies 
193238 cu. ft. of gas per annum, that is 20733 GJ.
Residents are charged a standard rate according to
the size of dwelling, (dwelling types are flats and 
terrace housing). If the energy consumption rates are 
apportioned on the same basis, as can be justified 
from the discussion on energy consumption per unit 
floor area for flats and terraces (see section 7.4 
above), then the following consumption rates result:
Two room flats 79 GJ/dw p.a.
Three room flats 130 GJ/dw p.a.
Four room flats 158 GJ/dw p.a.
Five room flats 171 GJ/dw p.a.
The survey returns -indicated that a further 4 - 12 GJ p.a. 
is consumed for other uses. These figures are discussed 
below.
7.5.3 Langdon Hills
There are some reservations in the use of Langdon Hills
data as, unfortunately, the information supplied was
confused. Interpretation, however, suggested that the
energy consumption for Langdon Hills can be apportioned
in a similar way. An oil fired boiler supplies 46700
2GJ per annum. Taking 109 dwellings of 50m floor area,
2and 447 dwellings of 90m leads to the following energy 
consumption per dwelling, (divided on the basis of a 
standard rate per unit floor area since all the 
dwellings are flats and terraces, see section 7.4).
2Flats at 50m floor area - 51 GJ/dw p.a.
2
Terraces at 90m floor area - 92 GJ/dw p.a.
The additional consumption for other uses was similar 
to Ingestre.Road, so the overall consumption is a little 
lower for this estate than for Ingestre Road.
7.5.4 Discussion
The figures calculated for the energy consumption in 
.these two district heating estates are very high indeed. 
The national average dwelling energy consumption is 
81 GJ p.a; (7) and the rest of the survey gives an 
average of 48 GJ p.a. Thus it would seem that district 
heating schemes, served-by communal boilers, do not lead- 
to economy of fuel usage.
Not only are there distribution losses but there is
also no incentive for economy by households on the present
tarrif system.
Losses in such a system can be very high. In a scheme 
in East Dulwich, studied by. the Building Research 
Establishment (8) the losses are estimated to be 
300 - 400 GJ per month. Such losses will only occur 
during the heating season, but over a year losses are 
likely to be 18 GJ per dwelling. That is higher 
than some annual consumptions measured in the survey.
The consumption of fuel for other uses (cooking and 
miscellaneous electrical uses) in the B.R.E.,study was 
found to be 8 - 13 GJ which compares well with the 
survey returns from the estates with district heating 
schemes.
7.6 Conclusions
The district heating schemes are not considered further here.
The variables which were found to be related to the 
dwelling energy consumption were: •
dwelling type 
floor area 
.wall area 
window area 
number of occupants 
density of development
These variables are measures of the size and type of 
dwelling..
Income and SEG were not found to be related to the 
energy consumption.
The average fuel consumption rate for the dwellings 
surveyed was 48 GJ p.a.. If the different dwelling 
types are considered separately, the following figures 
result (in GJ p.a.):
25th 50th 75th
Percentile Percentile Percentile
Flats 20 25 40
Terraces . 30 35 40
Semidetached 40 70 io o
Detached 110 120 140
These ranges are much larger than previous -studies show. 
However, it can clearly be seen that flats are the most 
economical in terms of operational energy consumption 
but there is only a small increase in consumption with 
terraced housing.
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CHAPTER EIGHT 
ENERGY/ URBAN FORM AND TRANSPORT
Chapter 8
Energy/ Urban Form and Transport
8.1 Introduction
The energy associated with housing and housing infra­
structure has been considered in previous chapters and 
now this chapter serves the purpose of widening the 
scope of the project and introducing the subject of 
the urban environment and transport. This is in 
preparation for a study of the energy relationships 
between residential developments and transport, 
considered in the next chapter.
First the development of the urban environment, through 
natural growth and planning, is discussed and then how 
this affects the energy requirements. Research work 
that has been carried out in this field is surveyed, 
primarily with a view to determining those factors which 
are considered to have most effect on energy consumption.
8.2 The Relationship between Urban Form and Transport
8.2.1 Historical Development
Settlements began when man became able to sustain himself 
in one place rather than needing always to- travel in 
search of fresh food supply for himself and cattle. The 
environment then developed largely by an evolutionary and 
intuitive process in response to the needs and aspirations 
of the time. The major need was defence: defence against 
the elements, wild beasts and other warring groups.
With the Renaissance period came the concept that the 
city was not wholly for the sake of shelter, but much 
more than this; it should include recreational amenities 
in a beautiful townscape.
Town developments grew for a number of reasons such as 
new industrial developments, port developments or as 
resorts of some kind. Some- were set up for very 
specific purposes such as industrialists seeking to 
provide for the welfare of their employees. These towns, 
including Bessbrook (1846) and Port Sunlight-(1900) 
were some of the less ambitious but more successful 
plans of the late nineteenth - century. Many idealistic 
plans were not implemented but made instructive 
recommendations which did influence later development.
One ideal which did have some practical outworking in 
the building of Letchworth in 1903, and also, had far 
reaching influence, was Howard's Garden City (11). This 
sought to provide a low density environment, independent 
of other urban areas and restricted in size by protected 
countryside.
As well as new.town developments, the late nineteenth 
century saw the further growth of the suburbs, aided 
by the railways, trolleybus and, in London particularly, 
by the underground railway service. Cheap public 
transport and cheap land enabled workers to live on the 
outskirts of large towns in low density "semidetached" 
developments, and' commute to work. It was assumed that 
they would use the existing city development facilities.
London and other cities in this country are very unusual 
in their tradition of houses with a garden or at least a 
small yard, which has led to extensive suburbs, existing 
both for rich and poor. Other major cities have housed 
their growing population in blocks of flats.
The widespread destruction of city centres in the Second 
World War, necessitated much redevelopment. The London 
Development Programme of- 1945 was established with the 
four-fold aim of attacking: traffic congestion, depressed 
housing, intermingling of housing and industry and the 
insufficiency of open space, as well as repairing war 
damage.
Post-war planning has.largely been concerned with the 
■development of new towns. Some of the features embodied 
in these new towns are based on Howard's Garden City 
ideals. Major cities unable to rehouse all their 
inhabitants after slum clearance have also played a part 
in the expansion of smaller towns as overspill towns.
New towns both in this country and abroad have, in the 
second half of this century, been designed to accommodate 
the motor car. This applies even to some Third World 
cities where present car ownership levels are lower but 
are expected to rise. The new town of Hyderabad, Pakistan 
for example, is based around major through-routes, 
originally anticipated to carry 100 m.p.h. traffic, which 
dominate the city. Queenstown, Singapore, is also 
structured around two major intersecting roadways, but 
here they are considered necessary’evils, rather than 
overriding priorities.
In contrast, the Mediaeval urban environment, which still 
controls the form-of many of our old towns, was based on 
the pedestrian and handcart, and it is to this form,by 
means of pedestrian precincts, segregated foot access to 
housing and so forth, that many modern towns are returning 
This is a part of a growing necessity to reconcile the 
needs of accessibility and environment.
8.2.2. Urban Form and Transport Studies
The publication, in 1963, of the Buchanan Report, 
"Traffic in Towns" (1) gave the concept of overall 
urban planning a major impetus, linking these two 
aspects together. Prior to that time the work of 
planning and improving urban roads was somewhat 
isolated from urban land use planning - technically, 
administratively, and - financially. Among the 
principal points emphasised by the working group 
was the fact that the form of our urban environment 
is now largely influenced by the motor vehicle .
First the spatial demands of the vehicle itself for 
circulation and parking (road space being 10-20% of 
town centres (2)) and secondly, the facility of 
movement which the vehicle provides have encouraged 
the outward sprawl of development, begun last century 
by the train and bus. The working group went on to 
discuss whether this trend was beneficial in view of 
future population increases, the amount of land avail­
able and so forth, coming to the'conclusion that there 
were many advantages in compactness, citing particularly 
the need for shorter journey distances.
Continuing studies of transport and urban form have 
attempted to discover the particular land use variables 
which have an effect on the transport and hence to be 
able to make planning decisions with regard to the 
optimum size, shape and density. It is not only the 
physical situation which has an effect on the transport 
needs and operation, but also the social factors such 
as car ownership, income and employment, and these have 
been related into studies.
The considerations are based largely on cost, environment, 
assessibility, and the relationship of buildings and roads 
to one another. However, energy conservation is 
becoming a consideration in development and so further 
studies are required to find the ways.in which conservation 
may be achieved through urban planning.
8.3 Energy Studies
8.3.1 Scope of Studies
Much of the work on energy usage in the urban environment 
has been completed in North America. The general concepts, 
that have come from these studies are relevant to the U.K. 
but when conditions are actually quantified differences 
occur. There is, for example, a major difference in 
scale between the two countries and developments which 
are feasible in the United States may not be in the very 
much smaller area of the U.K.
For these reasons, discussion of the. energy studies
has been divided between North America and the U.K., only
the latter being dealt with numerically.
Also included are considerations of two contrasting 
concepts. First the substitution of travel by tele­
communications, and secondly the maintenance of easy 
travel or accessibility.
8.3.2 Discussion of Studies
8.3.21 North America
Gilbert and Dajani (3) in their paper, "Energy, Urban 
Form and Transportation", consider whether there are 
urban forms which reduce travel demands and would 
thereby reduce energy consumption and also transport­
ation systems which lead to better urban forms. By 
studying other work done in this field, they .attempt 
to identify and define the relevant dimensions of urban 
form, such as size, density, shape, roadway layout, 
clustering of land use and so on. Their conclusions 
include the fact that the presently common sprawling 
development is not the best, but for efficiency of 
trip making and therefore energy use, non-central 
clusters should be used,* linear forms being better for 
minimising travel demand.
Their work shows mutual dependence between land use 
and transportation and thus these two factors must 
be considered together if any significant policy is to 
result. However, Gilbert and Dajani found their study 
inconclusive and note that more research is required 
before firm conclusions can be drawn.
Levy (4) when considering the Canadian situation, states 
that, for energy conservation "greatest advantage could 
be generated by changes in urban form". His conclusions 
are that changes in the urban pattern and modal split 
will be able to create substantial savings in transport 
energy consumption. However, the scope and degree of 
changes-required makes them only possible in new towns 
or in new developments within existing cities. Canadian 
experience has shown that a community designed for the car
cannot easily be adapted to public transport. Some of 
the changes that Levy advocates, with the primary aim 
of reducing travel, are the use of zoning and 
development control to bring work and home places 
together, public transport rather than cars,.high 
densities and linear development.
The effects of density is a' subject taken up by Keyes 
(5) who shows how.it affects the trip, making and hence 
the energy requirements. His findings can be 
summarised as follows:
1. As population density increases within 
urban areas, (both generally high ar*d low 
density urban areas) the number of non- 
pedestrian trips decreases.
2. As population and employment density 
increase, the percentage of trips by 
car decreases.
3. As the distance from the city centre 
increases, the average speed- of traffic 
increases.
4. For a metropolitan area, the average trip 
length does- not vary consistently with 
population density but there are some 
differences between central city and 
suburban trip lengths.
Taking New York as an example of a high density area 
Keyes shows that its.residents use less energy for 
transport than elsewhere in the United States. This is 
also shown to be the case in other high density areas 
and is often attributed to the occupancy of such areas 
by lower income groups. However, this is not the case 
with New York. Thus it can be seen that the energy 
consumption cannot be explained by any particular 
single variable.
The situation in New York is atypical of the United 
States and the American situation as a whole differs 
from that in the U.K. Therefore, it is desirable to 
be able to assess the influence of factors such as 
the residential density from U.K. studies.
8.3.22 United Kingdom
In a series of working papers from Salford University, 
Maltby, Monteath and Lawler (6) consider energy and 
transport. They deal with the effects on travel of 
fuel availability, the national economy and transport 
technology. The papers discuss changes in the arrange­
ment of urban activities to reduce the length.and number 
of journeys made, substitution of non-vehicular for 
vehicular journeys and the reduction in energy 
requirements of individual trips. They also consider 
whether telecommunications can be substituted for travel 
to any significant degree.
Making use of National Travel Survey Data, they carry 
out a quantitative analysis to demonstrate some trends 
in energy use. Principally, they deal with differences 
in mode, producing energy consumption figures for 
different situations, and also with differences in type 
of area (that is, large urban, small urban and so 
forth). A summary of the results of this is given in 
Table 8.1.
From this it can be seen that the energy consumption 
per capita (outside London) tends to increase as the 
population of the area decreases, or since smaller 
populations tend to be less dense, energy consumption 
increases as population density decreases. The London 
situation appears anomalous. In London, use of public 
transport is heavier than elsewhere, reflecting no doubt 
the well established pattern of commuting to work over 
long distances.Higher average household incomes in 
London may also be a factor.
Table 8.1 highlights the significantly higher energy 
consumption associated with private vehicle usage.
Points raised by Grey (12) are also relevant to the consider­
ation of energy requirements. He showed that regardless 
of household size, car ownership has much more substantial 
effect on trip making than does the level of household 
income.
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8.3.23 Travel'Substitutes
Many of the energy studies put forward the need for 
compactness of development as a means of reducing energy, 
as in this way trip lengths are reduced. This is based 
on the assumption that people must travel, but as Maltby, 
Monteath and Lawler suggest, the substitution of tele­
communications for travel should be considered.
Harkness in his.thesis "Telecommunications substitutes 
for travel" (7) hypothesises a system whereby some work 
trips may be eliminated by enabling the workers to stay 
at home and communicate with a central office by video 
'phone or similar device. This cannot be applied even 
to all white collar workers, as many require contact
with people in order to function. There is also the 
human cost of such developments as contacts with people 
at work can be psychologically necessary in order to 
avoid individual isolation (8).
Offices are often grouped together in the CBD or central 
area in order to be able to communicate with each other 
but again improved telecommunications may reduce this 
need thus enabling decentralisation and alteration of 
trip patterns, perhaps reducing energy consumption. 
However, the CBD is described by Hall (9) as being a 
"machine for creating, processing and exchanging ideas", 
ideas which, according to Hall, have the highest cost of 
transportation. Thus the "ideas" industry which is the 
fastest growing industry, is compelled to use central 
sites in order to function. This is the reason for the 
growth of the CBD and it is a trend that must be reversed 
if decentralisation is going to be possible, even using 
telecommunications.
There is an advantage in the CBD in that a single unit 
is more easily serviced by public transport than are 
dispersed units,, and public transport is shown to be 
more efficient for energy consumption (6, 8).
In general, however, the substitution of telecommunications 
facilities for travel as a method of energy conservation 
is likely to depend heavily on social and economic 
factors as well as on possible redevelopment of urban 
form.
8.3.24 Ac c e s s i b i Ti tv
The advantages and disadvantages of central or dispersed 
developments depend on the degree of accessibility 
required, similarly with linear or circular developments. 
The type of trip patterns necessary to give access to 
all the required facilities is the determinant for energy 
conservation.
Accessibility, the ease with which people may travel, 
is a function of the distance and the means of transport 
available. The means of transport will be a factor in 
determining the energy requirements, as different modes 
have different fuel consumption rates, and so also will 
the distance. So accessibility and energy would be 
expected to bear some relationship.
Edwards (10) begins a study with the assumption that 
" the. structure of urban .land use and - transport networks 
can have a very significant effect on the consumption 
of energy in urban passenger travel" and concludes by 
drawing some parallels between energy consumption and 
accessibility. With the exceptions of a predominance 
of private car usage and a high level of transport 
service provision which lead to both high energy cost 
and high accessibility, those situations which give high 
accessibility tend to give a lower energy consumption.
The findings may be summarised as follows:
High Energy High Accessibility
1. Expansive land use 1. Compact land use
2. Concentration about2. Spread of population
and employment . central zones
3. Short work trips
4. -Free flow on roads
5. High level of service
6. Predominance of
3. Long work trips
4. Stop and delay.for
traffic
5. Predominance of
private car private car.
These last two points are the essential problem with 
the motor car: it is convenient but energy intensive.
8.4 Conclusions
conclusion that there are two components which must 
be balanced in order to achieve an acceptable environ­
ment with a lower energy consumption. On the one hand, 
there is the transport service, whether private.car 
or public transport, which must provide accessibility 
and on the other hand/ there are those factors relating 
to the form of the development which make it acceptable 
for human habitation.
Locations serviced by the private car have the highest 
energy cost (6, 8) whereas public transport has a 
higher energy efficiency provided that it is fully 
utilised. The extent to which-any means of transport is 
to be used is also a relevant factor in assessing the 
overall energy requirements.
Edward's work (10) (section 8.3.24) would lead to the
The urban forms which are considered to be most efficient 
from an energy point of view are high density and 
compactness of development, because in this way trip 
lengths are minimised. A reduction in the possibilities 
for travel (eg. by petrol rationing or other legislative 
control) could be considered a lowering in standard 
°f life style and is outside the scope of this study.
It would seem, therefore, that the most important 
factor in determining energy consumption is the 
relationship of land uses, one to another. This must 
be the best suited to the shape of the development and 
be served by the transport system which is most 
efficient in that situation. The planning parameters 
follow one from another in their effect on the energy 
requirements of the development. Once the size, shape 
and density of development are established, the land 
uses must be located within it and the transport network 
and service provision selected to give greatest energy 
efficiency.
This is, however only fully applicable to a "green-field" 
situation. In considering established communities it 
must be borne in mind that changes in the pattern of 
land use can only be effected with difficulty and the 
-time scale of such changes is necessarily long.The 
.practical action in .the short term is the provision 
of the most efficient transport links to serve the 
established community, but bearing in mind the possibility 
of long term changes. . .
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CHAPTER NINE 
OPERATIONAL ENERGY FOR TRAVEL
Chapter 9
Operational Energy for Travel
9.1 Introduction
The previous chapter discussed the factors which influence 
energy usage for transport, showing particularly the 
importance of the size and density of development. It is the 
aim of this chapter to present a more detailed study 
of some of these factors in order to pinpoint specific 
causes of variation in energy usage and to derive a 
relationship to express the energy consumption for 
transport.
The study of household transport energy is in two 
sections: the first based on Greater London Transporta­
tion Survey (GLTS) data, giving details of a wide spread 
of situations in London, and the second based on the 
results of road tests (using an instrumented car) giving 
great detail on the variation in energy from one type of. 
area to another. In the first case actual trips 
•(the length of which could be estimated from the data) 
•where taken from the survey and the energy consumption 
of these was. calculated using standard rates for each 
mode of transport, leading to a total energy usage figure. 
In the second case the approximations, inherent in GLTS/ 
of distance and energy consumption were reduced by taking 
measurements on urban road networks. The two sections 
were then combined to give a fuller and more accurate 
assessment of the energy usage pattern.
9.2 GLTS Analysis
9.2.1 Source of Data
In 1962, the then Ministry of Transport launched one of 
the largest transport studies ever undertaken: the
London Traffic Survey (1). This study was to assess 
the needs of London's traffic and to forecast the 
demand for 1971 and 1981. A second survey, the GLTS, 
was carried out in 1971/72 in order to make comparisons 
with the previous study and also to extend the study 
area to include outer areas, and to make the area 
divisions compatible with the 1971 National Census.
Part of this second survey consisted of a household 
interview survey which was used as the basis of the 
work described in this thesis.
The data for the present work was obtained as raw 
survey data on two computer tapes: one dealing with
household information such as numbers of residents, 
occupations, car ownership and the second with 
information on each journey stage (that part of the 
trip by a single mode) undertaken by the members of 
that household on the day previous to the interview, 
including distance and mode of travel. Full details 
are given in the GLC publication RM310 (2) .
Appendix F shows the data content of each tape.
Maps of the road network associated with the survey 
were also obtained, as it was from this network that 
journey distances were established.
9.2.2 Analysis
In order to obtain a representative sample, use was 
made of the division of the area into sub-zones,
2852 in number, each having a five digit code. This 
code was also used for coding all locations in the 
survey. The sub-zones were sufficiently small to 
include some having developments of uniform density. 
Out of.the total, 120'were selected as being those 
with the most uniform densities and types of 
development at a wide range of densities, and located 
at varying distances from the centre in all compass 
directions.
Figure 9.1 shows the locations of the sub-zones 
selected. Figure 9.2 shows one of the sub-zones 
in detail, together with the part of the GLTS major 
road network associated with it.
The information relating to the households within 
these selected sub-zones was taken off the two tapes 
and combined onto one. This was a very complicated 
process as the tapes (in binary) proved very difficult 
to read and there were also problems with the 
incompatibility between nine-track and seven-track 
tapes. Thanks to the efforts of the University of 
Surrey Computing Unit, these problems were overcome.
The information written onto the new. tape was as 
follows:
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Household record number 
Home address (sub-zone code)
Number of cars/vans available
Household income group - Groups 1-10 (non-linear) 
Number of employed persons •
SEG of household head - Groups 1-8
Person number 
Journey number 
Stage number 
Journey start address 
Journey end address 
Mode of travel.'
Basic journey purpose 
Stage distance
The densities and distances from the city centre of each 
sub-zone were not part of the information contained on 
the tapes and so these were measured from 1:50000 maps 
by the author and then written onto tape. The distance 
of the sub-zone from Charing Cross was measured in 
kilometers from the 1" ordnance maps! A planimeter was 
used to measure the area of each sub-zone and the number 
of dwellings in the sub-zone was obtained from Census 
data; thus it was possible to calculate the density in 
dwellings per hectare (dph). This density (as in the 
other sections of this thesis where density is used - 
Chapters 5 and 7) is the estate or micro density, 
considering the number of dwellings in a given area of 
dwellings, rather than the overall residential density 
of a complete urban area which would be much lower.
The sub-zones and their distances and densities are 
given in Table 9.1.
Further .details can be obtained from GLTS maps.
Table 9.1: Sub-zonest Densities and Distances from Charing Cross
Sub-zone
Density
dph
Distance
km Sub-zone
Density
dph
Distance
km Sub-zone
Density 
. dph
Distanc
km
00000
!
6 2 .8  ' 2 30093 5 9 .5 10 52102 3 7 .8 15
02101 . 7 4 .8  . 3 30112 4 3 .3 10 52122 1 9 .8 20
03351 5 6 .4 2 30201 2 1 .7 io 52124 1 4 .8 20
03721 6 2 .6  > ' 2 30272 7 0 .9 10 53312 3 6 .2 . 1 2 .5
04401 2 .9 2 S1103 2 9 .1 10 53353 2 2 .3 1 2 .E
10171 3 5 .7 7 -5 31346 4 7 .2 1 2 .5 54010 0 .6 25
10172 .5 4 .4 7 .5 33241 6 7 .9 7 .5 56240 3 .8 20
10212 . 4 4 .4  ! 10 33243 3 1 .5 7 .5 60051 2 7 .9 1 2 .E
10411 3 8 .2 1 2 .5 40072 2 0 .9 15 60055 3 1 .1 10
10443 3 9 .5 1 2 .5 40103 2 2 .2 15 60151 4 .4 . 15
10542 2 8 .0  ' 10 40104 2 8 .2 15 62304 4 .5 25
10673 2 5 .1 io 40106 3 3 .3 15. 62613 1 1 .5 20
12001 5 2 .9  j ■ 2 40132 • 2 5 .2 15 63112 5 7 .2 15
12011 4 9 .3 2 40141 2 4 .2 20 63312 4 8 .1
12144 5 1 .9 ■ 4 . 40232 1 .7 20 70054 4 3 .1 10
12171 5 0 .3 4 41121 1 8 .6 20 70105 4 9 .3 7 .5
12273 7 1 .2 5 41122 1 2 .6 20 70142 2 4 .6 , 10
12302 6 3 .5 5 41152 1 0 .9 20 70521 2 1 .7 15
12473 5 6 .3 7 .5 41181 1 1 .8 20 70541 1 4 .0 15
12594 4 9 .8 . 7 .5 41184 1 4 .0 20 72301 0 .4 20
12595 4 2 .9 7 .5 41212 0 .6 25 73011 3 3 .2 15
13142 7 9 .8 S' • 41213 0 .5 75 73141 1 4 .4 15
13193 6 3 .4 7 .5 41214 0 .5 25 73442 . 3 5 .2 ' 20
13403 4 9 .2 .7 .5 41473 1 4 .2 15 73492 2 1 .9 15
13444 5 4 .7 10 41621 9 .8 15 74200 0 . 5 - 30
13541 4 6 .0 I 10 41651 5 .8 15 74810 2 .2 25
13543 3 0 .5 10 41652 6 .8 15 75140 0 .4 20
13672 • 4 6 .6 j 10 41711 1 7 .9 15 80151 2 1 .4 20
21141 1 0 1 .1 5 42042 3 1 .6 15 80193 2 2 .0 25
21146 7 7 .7 5 42311 2 1 .4 1 2 .5 81031 • 3 5 .0 15
21193 2 5 4 .2 ! ’ 5 42404 1 .4 15 81131 3 5 .1 20
21204 1 8 3 .3 5 42542 3 0 .9 10 82025 3 6 .2 15
21303 . 9 9 .4 4 50044 7 .4 20 82141 2 0 .9 15
21443 6 6 .7 4 50114 1 3 .8 20 82221 1 7 .1 15
22072 1 0 5 .8 5 50172 2 .6 20 82322 2 9 .3 • 15
22091 1 0 0 .8 5 50212 3 2 .1 15 82332 3 6 .9 20
22142 9 2 .2 3 50312 4 2 .5 15 ■ 83304 4 6 .8 10
23072 2 5 .4 7 .5 51071 1 9 .4 20 83313 5 7 . i IO
23145 . 1 5 .5 7 .5 51101 2 4 .7 15 83322 4 7 .3 10
23245 9 6 .2 5 51104 8 .3 20 83444 3 9 .2 IO
30002 6 8 .4 10 51175 2 1 .7 15 84310 0 .3 20
The initial information included journey time, distance 
and mode, but not the energy consumed in completing the 
trip which was derived by the author. Figures for 
energy consumption rates in MJ/km were obtained by 
Maltby al. (3) and these were used as the'basis for this 
study. The figures are given in Table 9.II. Two sets 
of figures were used in the subsequent analyses, one 
using average figures for each mode, the second 
adjusting for the more congested conditions of the 
journey to work. The basic rate for each mode was 
written onto the computer tape and then multiplied by 
the stage distance to give the energy consumption for 
each stage of travel. This was a complicated process, 
again due to the form of the information on tape.
Two regression analyses were then run on the data
with travel energy as the dependent variable, using 
the above two sets of figures. The independent 
variables were selected from consideration of the work 
discussed in Chapter 8 (8.3.21 and 8.3.22 ), as they 
appeared to be the most influential in determining 
trip making and hence energy consumption. These were:
Number of cars per household (NOCARS)
Number of employed people per household (NOEMP)
Household income group (INCOME)
Socio-economic group (SEG)
Density .of development (DENSITY)
Distance from Charing Cross (DISTANCE)
Titles in brackets give the computer coding for each variable.
The cumulative trip energy frequencies were also 
obtained for the various distance and density bands 
as an alternative way of showing the effects of these 
variables on energy consumption.
Ta
bl
e 
9
.
II
 
En
er
gy
 
Co
ns
um
pt
io
n 
R
a
t
e
s
u
o
>4-1
CO
12
4->
i—!
rds
s0
m
w
0
-P
0
u
0
01
0
o
>
<
i—I
o
>
0
0
E->
m
o
0
pi
o
s
rP
U
0
w
0
-p •
0 £ 
ft A
M 0 
p w
o 0 ,0 a 
\  
t) 
0 S 
0 
ft
0 •
4-> g
0 14 
ft W 
0 0
01 0 
0 ft 
P \  
0 h>
5 S<c
0
H3
O
CO
o*
r-
CO rH 
• •
O O
CM CN
ft
PQ
0
12
0
0
0
12
0 rC
O' 0 
0 0 
4-1 O 
W U
Ot-*
CM LO O  CO O  CTi
CD CO H  00 00 CM
CM
•Hx
0
&4
U
0
u
0
0
u
0
01•H
44
CM
r-
cr>
U
4-1
0
0 
U  
4-1 
0 
ft
i—I
i—! 
0
01
\
0)
s
0
4-)
0
0
iH
0
>
•H
0
O1
0
-P
0
0
ft
0
4->
O
ft
A further regression analysis was then run using the 
total household trip energy as dependent variable 
rather than the individual trip energy. Not only did 
the use of the household as the basis for analysis 
make this section of the thesis more directly comparable 
with other sections where energy consumption was based 
on the dwelling or household but it also had the effect 
of reducing sample size from 18234 to 1688 which made 
statistical assessment simpler.
Lastly, a series of stratified regression analyses was 
run again using household trip energy as dependent 
variable. The stratification was made by income group, 
car ownership level, density level and distance band.' 
These analyses were carried out in order to determine 
whether there were any trends in relationship within, 
say, each income group, as well as within the whole 
sample.
In each case the remaining five variables continued as 
independent variables.
9.2.3 Discussion of Results
9.2.31 Trip Energy Regression Analyses
The results of the two regression analyses are summarised 
in Tables 9.Ill and 9.IV. It should be emphasised that 
with such a large sample size (18234), almost any 
correlation coefficient will be significant, and whilst 
the simple 'r' values shown in the tables are small (the. 
data is extremely variable) the overall significance level 
is better than .001. Thus in terms of useful equations 
for prediction and estimation,, the survey only really 
allows a general trend to be indicated; as is to be 
expected when personal choice rather than scientific 
fact is being studied. There is no single solution
Table 9.Ill Regression Analysis Results
Dependent Variable: Average Energy Consumption
Variable
Signific- 
' ance Multiple 'r'
2r Simple r Overall F
Signific­
ance
NOCARS .000 .09099 .00828 .09090 40.27746 .000
DISTANCE .217 .09522 .00907 .04389
NOEMPLD .000 .10121 .10124 -.01694. '
SEGOFHH .021 .10726 .01150 -.06475
DENSITY .004 .10970 .01203 -.06459
TOTALINC .OOO .11439 .01300 .06618 /
No. of cases 18234
Table 9.IV Regression Analysis Results
Dependent Variable: Energy Consumption adjusted for 
journey to work ' '
Signific- 2 Signific-
Variable ance Miltiple 'r' r Simple r Overall F . ance
NOCARS .000 .11996 .01439 .11996
DISTANCE .359 .12018 . .01444 . .02851
NOEMPLD .000 .12673 .01606 -.01619
SEGOFHH .099 .12876 .01658 -.06095
DENSITY .010 .13030 .01698 -.05982
TOTALING - .023 .13137 .01726 .05956
No. of cases 18234
but some valuable results were derived and these are 
discussed below. (Further details are given: Appendix G)
Considering the analysis using average energy
consumption (Table 9.Ill), it can be seen that the 'r'
2value for the regression equation is .11 and r , the ' 
coefficient of variation is .013. The NUMBER OF CARS 
is the best at explaining the data with a correlation 
coefficient of .09. Other variables appear to make 
less contribution to the overall relationship than 
might be anticipated but, as expected there are high 
cross correlations between NUMBER OF CARS and INCOME 
and between DISTANCE and DENSITY, which effect the 
regression equation. A stepwise regression which, by 
adding the variables one by one, would have shown' 
which variables had the major effect, was not possible 
on the system available because of the large sample 
size. The final equation, including all variables, is:
ENERGY = 5. 9 8 +.2.41 NOCARS + .048 DISTANCE . *
- 1.45 NOEMP - .23 S E G  026 DENSITY + .56 INCOME
where ENERGY = energy required for a trip (MJ)
NOCARS = number of cars in the household
DISTANCE = subzone distance from Charing Cross (km)
NOEMP = number of employed persons
SEG = SEG of household head
DENSITY = sub-zonal density (Dph)
INCOME = income group of household
The above makes no separate allowance for journeys to 
work which are significantly different from average 
journeys. When a further analysis was carried out 
to adjust the energy figures for journey to work, a •small 
improvement in the regression coefficients resulted.
The adjustment took into account the much higher loadings- 
on public transport during peak periods and also the road 
congestion which makes private vehicles less economical
during the peak.The average and off peak requirements for 
private vehicles are comparable and on close inspection, 
Maltby's average public transport figures were found by the 
author to be rather pessimistic (loadings in London are a 
little higher) Therefore they tend towards off peak require­
ments, and were used as such.
From Table 9.IV, it can be seen that the final ' r' 
value is .13 and the significance again better than 
.001. However, there remains a large amount of 
unexplained variation (coefficient of variation = 1.7%)
The independent variables retain their relative 
positions in terms of their explanation of the data and 
mutual dependence.
The equation expressing the energy consumption is:
ENERGY = 6 . 7 6 + 4 . 3 4  NOCARS - .039 DISTANCE
- 1.54 NOEMP - .18 SEG. - .025 DENSITY + .321 INCOME 
(the variables are as described above)
9.2.32 Cumulative Trip Energy Frequencies
The cumulative energy frequencies are plotted in 
Figures 9.3 and 9.4 for distance and density bands 
.respectively.
From Figure 9 .3 the variation .of transport energy 
consumption with distance from Charing Cross can be seen..
A major factor causing the general increase in energy with 
distance from Charing Cross is the percentage of walk trips, 
that is trips with zero energy, which reduce from 52% in 
areas located between two and five km, to 31% at 25 km 
from the centre. Areas within two km from the centre do 
not follow this trend due to the fact that they contain 
few permanent residents and the trips made are of a specialised 
nature. This has been omitted from the figure.
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The 95 percentile level, that is the energy consumption 
level which only 5% of the trips exceed, is reached at 
16 MJ for trips from the 2 - 5  km distance band and at 
56 MJ for trips from the 25 km band, showing the 
significantly higher energy consumption for travel in 
areas further from the centre.
Considering density, similar trends are shown in 
Figure 9.4. For high density areas which, for historical 
reasons, tend to be those near the city centre, 50% of 
the trips have zero energy, indicating that they are 
walk trips. For areas with densities of less than 10 
dph these trips form only 34% of the total. The 95 
percentile levels are 17 MJ and 50 MJ for these high and low 
density areas respectively.
Thus it can be seen that low density areas, which are 
generally those at higher distances from the centre, 
have the lowest proportion of non-energy consuming 
walk trips and the highest overall travel energy 
consumption. The effect of density is discussed further 
in Chapter 10.
A small number of high energy consuming trips are made 
from all areas, which distort the picture and reduce 
the significance of the mean value. For high density 
areas, close to the centre, 1.5% of trips use as much 
as 40% of the total energy consumption. In other areas 
where trips generally have a higher energy consumption, 
the proportion is lower but on average it is. 20% and so 
still very important.
Figure 9.5 shows histograms of energy consumption, 
frequency which highlight this situation. The fact that 
the proportion of walk trips (trips with zero energy) 
increases with -increasing density can be seen. Also shown

is the reduction in the number of trips as energy 
increases, whatever the density, giving a very small 
proportion of high energy consuming trips.
The nature of these high energy consuming trips was 
found from a partial printout of 400 trips from the 
combined data. tape. Of these, the long trips were 
all car trips whether as driver or passenger, and all 
except one gave, the journey purpose as- entertainment/ 
sport. The exception to this was a work trip to the
central area, a distance of 18 km by car.
Whilst the data are not conclusive, it is worthy of note 
that the most significant energy consumption in inner 
high density areas is for car trips for social purposes. 
The implications of this for the future are that 
significant transport energy savings could be made if 
these few trips were eliminated or even just reduced 
in distance or energy consumption by change of mode, 
since they are mainly by the energy expensive car mode. 
Variation in the relationship of land uses may also 
achieve some savings, as there is a difference between
high and low density areas and it follows that locating
facilities within easy access - tending towards the 
form of higher density developments - would give savings.
9.2.33 Regression Analysis on Household Energy
The complete'regression analysis with HOUSEHOLD ENERGY 
against INCOME, SEG, NOCARS, NOEMP, DENSITY and DISTANCE 
was run as a stepwise regression, one variable being 
added into the equation on each step. The results are 
summarised in Table 9.V.
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The first variable added was the N0CAR5 having a correla­
tion coefficient with energy of .30. Including INCOME 
and DENSITY in the equation gives an 'r' value of .32. 
Very little change results from the inclusion of 
DISTANCE, NOEMP and SEG. The final significance of 
better than .001 indicates a clear relationship. The 
coefficient of variation of 10% indicates that there 
remains considerable unexplained variation, but on a 
sample of this size a large scatter would be expected.
The value of the coefficient of variation does not 
improve when SEG, DISTANCE and NOEMP are added. 
DISTANCE/DENSITY and NOEMP/SEG/INCOME are cross 
correlated and so any explanation, they might add to the 
data is already covered by the other variables. The 
significance of SEG, DISTANCE and NOEMP is also low.
A better explanation of the situation is given by 
excluding them, giving the equation:
ENERGY = 1.73 + 53.17 NOCARS +8.56 INCOME 
- .34 DENSITY
9.2.34 Stratified Regression Analysis
The stratified regression analyses showed many relation­
ships in addition to' those with energy and enabled the 
cross correlations between DENSITY and DISTANCE, NOEMP 
and INCOME, and NOCARS and INCOME, already noted, to be 
seen more clearly. These relationships are plotted in 
Figures 9.6, 9.7, and 9.8. The form of the .relationships 
is complicated by the use of non-linear groups for income, 
as a different curve results from plotting mean incomes 
as opposed to income groups. The original divisions were 
based on the expected income distribution in 1971 but 
were seen in hindsight to be too closely grouped at lower 
levels. Problems may occur when an attempt is made to
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compare these groups with other data or to extrapolate. 
However, the results are useful in demonstrating the 
general trend in variation of other factors with 
income.
Both the estate density and overall residential density 
are plotted against distance from Charing Cross, 
in Figure 9.6. The estate density can be seen to be a 
factor of about 12 times the overall density for all 
distances. It would, therefore, be possible to relate 
the other variables not only to estate density, as has 
been done, but also to overall density.
The stratified regression analyses are discussed below 
and details of the statistics are given in Appendix G.
Stratification by Car Ownership Level
For the regression analyses by car ownership level, three 
separate runs were made with o, 1 and 2 or more cars per 
household; energy as dependent variable.
At the zero car ownership level, the 1 r' value was .10 
and significance .283 indicating no clear relationship.
This might be thought surprising, in view of the fact 
‘that all income groups are involved and especially when there 
-is shown to be a relationship within other car ownership 
groups (see below). However, some trends are shown even 
within the group, and a possible explanation can be given. 
With no car available, modes of travel are restricted and 
most trips would be on the radially biased public transport 
modes. This is demonstrated by the fact that DISTANCE, -not 
previously a significant variable, has, in this group, the 
highest correlation with energy. Of a small sample of 400
trips from 46 households output from the data- tape,.
58 MJ of the total 97 MJ used by non-car owning 
households were spent on the journey to work or 
personal business. In 70% of the households the journey 
to work or personal business was the only reason for 
consuming transport energy. Whilst this small sample 
is by no means conclusive, it nevertheless suggests 
that the relationship with DISTANCE can be substantiated. 
Figure 9.9 shows the density of work trip attractions 
•from the 1961 Transport Study (1) and the importance of 
attractions at the centre can be seen. Thus the 
distance from the centre is related to the distance 
from employment and hence, since most trips are work 
trips, to the energy consumption.
Once a car becomes available the choice of routes 
becomes wider and distance from the centre less 
significant. INCOME is the highest correlated variable 
for 1 and 2 car owning households, suggesting that once 
the wider choice is open to people they are constrained 
by how much they are willing to pay.
For the analyses at 1 and 2 or more car ownership levels, 
the results are more significant with ' r' values of .18 
and .28 and significances of better' than .001 and of 
.002 respectively. The coefficient of variability in all 
three cases was very low. This would be expected as 
NOCARS is the best single explanation of the data.
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Stratification by Income Group
The analyses by income group yielded results of widely 
differing significance. The best relationships occur 
in the middle income groups. For all income groups 
three and above, the best correlated variable with 
energy is NOCARS. For income groups one and two, which 
have low car ownership levels, the best correlation is 
with SEG. With lower income groups and low car 
ownership there is a double restraint placed on people 
for travel and so the SEG becomes effective as a measure 
since it reflects attitudes to outside influences 
causing a desire to travel or'not.
Stratification by Distance from the City Centre
For each distance band again the correlation coefficients 
vary considerably. In all cases, except the distance band
7.5 km from the centre, the single variable giving best 
explanation to the data is NOCARS. For the distance 7.5 
km, there is a higher car ownership level than would be 
expected from the general variation in car ownership 
with distance and this will affect the correlation. In this 
case the NOEMP gives, the best correlation.
Stratification by Density Band
Taking the stratification by density band, NOCARS is 
generally the single variable best explaining the 
energy consumption. There are two cases where this 
does not apply: one in very low density areas where
there is a high overall car ownership and INCOME has 
a higher correlation; the other is in middle densities 
of 40 - 50 dph where DISTANCE has a higher correlation. 
In the latter case the mean energy consumption, mean 
income and mean car ownership are higher than would be 
expected from the trend exhibited by the other density 
bands. These factors would mean that the people living 
at this density have fewer constraints on them and so 
DISTANCE plays a more significant part in influencing 
their travel energy.
General Discussion
From the above analyses the variables NOCARS, INCOME 
and DISTANCE can be seen to be important in determining 
the energy consumption, although in all cases much 
variation remains to be explained. The variation is probably 
unrelated to the usual planning parameters. The form of 
their relationships can be seen when plotted: ENERGY 
against INCOME (Figure 9.10) and ENERGY against DISTANCE 
(Figure 9.11).
When the plot of ENERGY against DISTANCE is considered, 
the rate of increase in energy consumption with increasing 
distance can be seen to be greater at distances over 
12 km from the centre. This is "the distance at which 
Khaw (4) has shown car ownership to reach the 50% level and, 
he suggests, car travel becomes the dominant journey to work
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mode. Much of the development within the 12 km band 
is old (see Figure 9.12) and has much less provision 
for car accommodation which constrains car ownership. 
This would‘tend to confirm the relationships found.
9.2.35 Conclusions
Of the variables used in the regression analysis, the 
number of cars available is clearly the most important 
determinant of the household energy consumption for 
travel and relationships for this have been derived. 
However, a great deal of variation in data remains to 
be explained. Some variation will obviously be caused 
by individual choice, but further causes are likely to 
exist, whether dependent on the individual, the house­
hold or the form of the environment.
The relationship for energy consumption can be expressed 
in terms of three variables:
ENERGY = 1.73-+5 3.17 NOCARS + .8.56 INCOME - .34 DENSITY
How this can be applied in practical terms will be 
discussed in the- next chapter, but it can be seen 
generally that low density, highly car orientated 
developments lead'to high energy requirements.
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9.3 Road Tests
9.3.1 Purpose
The analyses described in section 9.2 were concerned 
with determining the causes of variation in overall 
energy usage assuming certain average energy consump­
tion rates for each mode of transport. These 
consumption.rates differentiate between the congested 
conditions of the journey to work and normal urban 
conditions. They do not, however, show any distinction 
between the various types of road, for example, minor 
roads on housing estates or motorways. Further, the 
stage distances.used in the GLTS analysis are those 
taken on the major road network as defined in GLTS.
There is thus the journey length from the dwelling 
to the point or node on the major road network where 
the GLTS trip is deemed to begin, not included in the 
energy assessment, and this section reports on 
investigation into the significance of travel on the 
local minor road network. If Figure 9.2,0138, is considered 
again, the major road network associated with the.sub­
zone can be seen. The nodes where GLTS trips are 
loaded onto the network are also marked.
9.3.2 Method
Twenty two of the sub-zones used in the previous analysis 
were again used in this part of the study. They were all 
located in the south-west of London for convenience of 
study, but the spread of densities and distances was 
maintained. (The mean values for this section were 33.1 
dph and 13.5 km, compared with 34 dph and 12.75 km for the 
first section) .t
Within each of these sub-zones, five points with randomly 
selected coordinates were taken, to be used as starting 
points for each run of the tests. These represented 
households within the zone.
From each of these points four different directions of 
travel were assumed: two radially and two circumferentiallv. 
The route to the nearest railwav station, whether British 
Rail or London Transndrt. was also measured. Any 
theoretical journey starts at one of the randomly
selected points, and is in three stages (and a similar 
reverse movement):
( i) the distance from the chosen point to 
the major road network
( ii) along the major network to the GLTS 
node.
(iii) the node onwards.
The third stage is the GLTS data used in the first part 
and therefore'the purpose here is to establish stages 
(i) and (ii). - .
The tests were carried out using a Peugeot 504 family, 
estate (1971 cc engine). The car was fitted with a fuel 
meter inserted between the petrol pump and carburettor.
A digital counter mounted in the car .was activated by the 
passing of 1/2000 gallons. In order to make, accurate 
distance measurements, a TRRL fifth wheel was attached 
behind the vehicle, and revolutions measured on a digital 
counter, again mounted inside the car.
For each point and each direction, the fuel consumption, 
time and distance on the local network and on the GLTS 
network were measured separately. The routes were 
complicated by right turn bans, one way streets and 
congested areas but as far as possible measurements were 
taken on the most likely route that would be used by a 
driver wishing to complete a journey of some length, 
in the particular direction, even though locally this 
route might run in an alternative direction. Thus if 
an access point to a motorway were to be just south of 
the point of origin, a northbound journey would never­
theless start in a southerly direction.
The data collection was carried out as part of an under­
graduate project by R. Buzzacott and T. Antis (5 and 6).
Up to three trips from each of the five points to the 
major network node were taken except where parts of the 
trip were duplicated, and from these mean values of time, . 
distance and energy consumption for each of the five 
directions for each zone were calculated. As far as 
possible, the same driver and same conditions were used 
'for all test trips in order to minimise factors which 
might affect the energy in addition to the effects of the 
network road type.
9.3.3 Analyses
Two-separate regression analyses were performed: one for
that part of the journey on the minor road network and one 
for that part on the major road network. The dependent 
variables were local or major network energy consumption 
and the independent variables: the journey time, journey 
distance, distance from Charing Cross and density of 
development.
Some of the variables were correlated separately against 
energy consumption and regression equations were obtained 
for these.
9.3.4 Discussion of Results
Considering first the local network, the results of the 
stepwise regression are given in Table 9.VI. The best 
single relationship was between trip energy and trip time 
from home origin to entry to the major network, with a. 
correlation coefficient of .87. If all four variables 
are included, the 1 r 1 value rises to .89. However, this 
is no improvement over the inclusion of only time, journey 
distance and density. Also the coefficient of variation 
remains at 79% for three or four variables.
Therefore the equation for energy consumption on the local 
network may be taken as:
LEC = .193 + .033 LTIM +1.19 LDIS - .005 DENS
where LEC = local network energy consumption 
LTIM = local network journey time
LDIS = local network journey distance
DENS = sub-zone density.
The results of a stepwise regression for the energy on 
the GLTS network are given in Table 9 .VII.
In this case the variable giving best explanation of the 
data is the journey distance, .having a. correlation 
coefficient of .93. Including journey time in the 
equation gives an 'r' of .95 but little improvement results
from including the other variables of distance from Charing Cross 
and density and the coefficient of variability remains at
91%. A significance of better than .001 indicates a good
relationship.
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The relationship may be expressed as:
GEC = .16 + 2.53 GDIS + .013 GTIM
where: GEC = GLTS network energy consumption
GDIS = GLTS network journey distance
GTIM = GLTS network journey time
The difference in the roles of the variables, between 
the local and GLTS or major network is expressive of
the different conditions on these networks. On the
major network, certain speeds will be possible 
irrespective of where the roads are located and the 
surrounding conditions. For this reason the journey 
distance will be the main deciding factor of energy 
consumption, with journey time also contributing 
because there will, of necessity, be some speed 
variation. On the local network the features of the 
development become more significant. For example, in 
densely built areas road widths are likely to be narrower, 
lengths between junctions to be shorter and other factors 
such as street parking will cause average speeds to be 
lower and more variable. Because of the variations in 
speed, time becomes a better measure of the energy consump­
tion, although distance travelled is still important.
•Time itself, of course, does not consume energy but 
energy consumption with distance varies with speed and 
this variation can'be measured by the time it takes to 
cover a particular distance. Density of development is 
important as -the cause of changes in conditions which lead 
to the above variations.
For all the sub-zones used in the road test and also for 
the estates analysed for their infrastructure require­
ments (Chapter 5), mean internal journey distances were 
measured. These were measured from random points to the 
exit points on the major road and are equivalent to the 
journey distance on the local network. The distances 
were adjusted for the number of dwellings to give a 
distance per house.
A large scatter of points was found when the distance 
of travel per house was plotted against density but 
there was a trend towards increasing distances with 
decreasing density, as would be expected.
This compares with the regression analysis which shows 
that the local network journey distance and density 
are cross correlated (r = .47). The energy consumption 
which must depend on the journey distance i‘s also related 
to the density.
9.4 Comparisons Between GLTS and Road Tests.
9.4.1 Comparisons of Overall Travel Energy
Considering sub-zone 5117/5 in south-west London (Figure 
9.2). for which data are available from both parts of the 
analysis.
The partial printout from GLTS data tapes for the sub-zone 
records the following car trips:
( i) 6 external trips using 2100 MJ
( ii) 7 radial inwards 383 MJ
(iii) 4 radial outwards 128 MJ
( iv) 4 circumferential (approx. east) 122 MJ
( v) 2 circumferential (approx. west) . 22 MJ
These energy consumptions only relate to travel on the 
GLTS network- from the node onwards.
From the second part of the analysis the energy 
consumption on the local network and GLTS network to 
the node were established. The energy consumptions in 
addition to the above (excluding external trips) are:
( ii) 2.4 3 MJ + 1 . 6  MJ for 7 trips giving 28.2 MJ
(iii) 2.41 MJ + 2.66 MJ for 4 trips giving 20.3 MJ
( iv) 2.38 MJ + 4.09 MJ for 4 trips giving 25.9 MJ
( v) 2.38 MJ + 4.09 MJ for 2 trips giving 12.9 MJ
The same pattern can occur at the other end of the trip 
(where travel -is to another residential area) in reverse 
order and so the additional element becomes of even greater 
significance with respect to the whole trip energy.
These figures give an increase of between 7% and 58% to 
the energy consumption as derived from the GLTS analysis.
The long external trips, shown in section 9.2.32 to 
comprise about 2% of all trips but to consume up to 40% of 
the energy, will also have similar additions for travel on 
the local and major network up to the node. However, in 
view of the longer overall trip length the proportion of the 
increase will be less.
Thus there is an additonal element of the energy consump­
tion apart from that.part associated with travel 
recorded by GLTS, which is accrued on the minor road 
network, within the housing estate, and on the major 
road network up to the node where trips are loaded for 
survey purposes.
9.4.2 Comparisons of Consumption Rates
A further comparison that can be made between the two 
parts of the analysis is between the unit energy 
consumption rates for car travel.
The basic rate used in the first section was:
2.59 x distance travelled for average trips and 4.70 x 
distance travelled for the journey to work (see Table 
9.II). Considering the travel on the major network in 
the road.tests, the energy consumption was estimated 
by regression analysis to be:
.16 + 2.53 GDIS + .013 GTIM (see section 9.3.3)
In order to compare these values the average time may 
be taken to be 100 x distance travelled,calculated from 
the measured results, giving an equation of :
.16 + 3.83 GDIS
The road tests were run outside rush hour times and so 
are most comparable with the average trips given above. 
If various journey distances are considered the two 
energy consumptions may be compared.
Section 1
2.59 x distance
Section 2 
.16 + 3.83 distance
.1 km .259 MJ
1 km 2.59 MJ
10 km 25.9 MJ
The standard energy consumption figure used in section 1 
will always give a lower figure but it is of a comparable 
order of magnitude.
However, Government urban cycle tests show the Peugeot 
504 to have a fuel consumption of 20% above average.
Thus the results are more nearly equivalent.
9.5 Conclusions
1. The analysis of GLTS data in section 9.2, although 
containing some approximations of journey distance 
and fuel consumption rates, inherent in the data, 
is a good estimate of the energy consumption pattern 
particularly when considering longer trips.
• 2. Long trips from.all areas, although a small
proportion of the total number of trips, consume 
a significant proportion of the energy and so 
are of major importance for energy conservation 
measures. They are apparently mainly social trips.
.54 MJ 
3.99 MJ 
38.46 MJ
3. Energy consumption for travel per day, by house­
holds in.the London area may be taken as:
ENERGY
where:
= 1.73. +. 53.17 NOCARS + .8.56 INCOME 
- .34 DENSITY
NOCARS = number of cars available 
INCOME = income group (1-10) 
DENSITY = estate density (dph)
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CHAPTER TEN 
TOTAL HOUSEHOLD ENERGY CONSUMPTION
Chapter 10
Total Household Energy Consumption
•10.1 Introduction
The previous chapters have described and quantified the 
various types of energy consumption associated with 
residential developments namely: capital energy, 
operational energy and transport energy. In establishing 
the overall energy consumption these components must first 
be related to a common base which describes the household 
or the area. Various parameters could be used for this, 
such as income, SEG of household or. the area density, but 
the latter was chosen as all the components showed a 
relationship which could be expressed in terms of develop­
ment density. The income and SEG were shown to vary 
considerably within otherwise constant situations.
However, it should be noted that for capital and operational 
energy requirements, density is a- second order variable, 
the energy being dependent on factors stemming from the 
density rather, than the density itself. Density is thus a 
means of quantifying a number of factors which affect the 
energy consumption.
In this chapter, each of the components of the total 
energy consumption, will be reviewed and then an overall 
relationship established for residential developments.
10.2 Capital Energy
The capital energy is composed of two parts: that
contributed by the dwelling and that by the associated 
infrastructure.
The infrastructure energy requirement is more readily 
expressed in terms of density than is the dwelling 
energy requirement as the latter has more potential for 
variation in materials usage and style of building 
(Chapter 4). The infrastructure, on the other hand, 
is dependent on layout and hence is related directly 
to density (Chapter 5). However, there are general 
patterns in relationships between energy requirements, 
dwelling type and density.
For dwellings the capital energy consumption figures
range from about 100GJ per dwelling for a timber frame 
terrace house, such as would be built at middle densities, 
to 1000 GJ for a large detached house of brick/block 
construction which would generally be built at low 
densities. Blocks of flats have energy requirements lying 
between the above at 300 - 600 GJ per dwelling, although 
they tend to be associated with the highest densities.
Infrastructure costs are about 20% of the capital energy 
costs of the dwelling. The major components are drainage/ 
roads , paths but the relative importance of each in energy
.terms is very Variable. (See Chapter 5)
Figure 10.1 gives the energy requirement for dwelling and 
infrastructure construction related to the density of 
development. Measured points- are plotted and the extent of 
values is shown by the shaded envelope.
The minimum at densities of between 20 and 
40 dph is caused by the use of the simplest constructions 
at these densities. Many mixtures of dwellings are possible
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at these densities, but two storey terraces predominate. 
Linear blocks up to. three storeys may be used to increase 
densities and these are often built over garages. Other­
wise, parking tends to be grouped in courts or garages 
and not provided as on plot parking. An increase in 
density much above 50 dph is usually accompanied by more 
energy expensive structural work, possibly including 
piled foundations, causing the increase in the shaded 
envelope for higher densities. On the other hand, the 
shaded envelope increases to the lower values partly 
because of increased infrastructure costs, but mainly 
because in the low density developments studied a 
majority were large detached dwellings. It would, of 
course, be entirely possible to construct dwellings of 
the type found at higher densities with more space around 
the dwelling, but this is not generally found in practice. 
The tentative design envelope also shown in Figure 10.1 
is a suggestion of the range of energy-lean-designs, 
which designers might hope to achieve.
10.3 Operational Energy
In order for direct comparison with the capital energy 
requirement to be made, some estimate of the.life of the 
dwelling must be made. Figures of 30 and 40 years have 
been used as the economic life of a dwelling in other 
studies (1, 2), but generally without any justification. 
Many high rise developments are currently requiring 
replacement within this time period but these are 
exceptions rather than the rule. The G.L.C. housing 
department (3) finance their housing over 60 years, 
although it is hoped that it remains serviceable longer 
than this. A time period of 60 years has therefore been 
taken for this study in order to be comparable with the 
financial basis aenerally used for comparative studies.
If this design life is applied to the range of 
operational energy requirements of 25 GJ p.a. for 
flats to 115 GJ p.a. for detached housing,see Chapter 7, the 
figures become 1500 GJ and 6900 GJ, respectively.
These figures average about 10 times the construction 
requirement. If, as in previous studies, a lower 
design life had been assumed, the difference would drop 
to an average factor of five. Thus, whichever figure is 
used, although the operational energy is considerably 
larger than the capital energy, the difference is not 
so great that the capital energy may be considered 
insignificant.
The use of density as an independent variable in a 
regression analysis on operational energy led. to the 
following equation for the relationship (see 
section 7.4).
ENERGY = 160.8 - 2.61 DENSITY r = .78
where ENERGY = operational requirement per annum 
DENSITY in dph.
This equation is plotted in Figure 10.2
This equation gives good agreement with the mean values 
obtained in the survey, discussed in Chapter 7, but it is 
only valid over the range of densities encountered in the 
survey, that is less than 60 dph. This density is 
equivalent to about 200 - 300 pph depending on the 
bedspaces provided, which are considered maximum densities ' 
by many architects (4). Restriction in range is not 
therefore important.
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The minimum energy requirement reported in the survey, 
for any dwelling, was 10 GJ.p.a. This figure might be 
considered to be the minimum energy consumption required 
to run a dwelling assuming current living standards and 
also current building standards. 10 GJ p.a. is also 
the energy requirement given by the above equation for a 
density of 58 dph. This suggests that increasing the 
density above 60 dph gives little advantage in terms of 
operational energy requirements.
Considering the capital and operational energy together 
with respect to density, some trends can be shown . At 
very low densities, both components are large and as 
density increases their values drop. However, the capital 
energy requirement begins to increase again as density 
continues to rise above about 40 dph (see Figure 10.1).
The larger component of operation energy continues to 
decrease with increasing density, but is unlikely to fall 
below its value at 60 dph. Thus, if development is 
constructed at densities in this middle range of 40 - 60 
dph, greatest benefits will be accrued with little penalty 
through increased requirements for either component.
10.4 Transport Energy
The energy required for travel is the component of the total 
energy requirement which is most easily related to the 
density of development.
Figure 10.3 shows the mean household energy consumption for 
travel against density. These figures are obtained from 
the stratified density bands discussed in section 9.2.34.
The same trend as seen in the case of dwelling operational 
energy can also be seen here - namely a reduction of energy 
consumption with increasing density. Again, little data
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was available for densities over 60 dph. However, the 
graph can be seen to flatten out gradually for densities 
over about 40 dph. This trend is likely to continue with 
increasing density, giving a smaller decrease in energy 
consumption with increasing density for high density than 
for low density.
The values of energy consumption shown in Figure 10.3 relate 
to the daily energy consumption for travel in MJ. In order 
to compare the order of magnitude of these figures with the 
capital and operational energy requirements, a period of 
60 years must again be considered. This leads to a range 
of 1000 GJ to 3000 GJ. These figures are of the same order 
of magnitude as the dwelling operational energy, but of a 
smaller range.
When considering the type of development which is optimal 
from the point of transport energy requirements, the relation 
ship with the overall density must be taken into account; 
Referring to Figure 9.6, the two measures of density for 
London can be seen to have the same form of relationship 
when expressed in terms of distance from the city centre.
The energy requirement may be taken to vary more directly 
with the macro density than with the micro density; the 
densities differing in magnitude by a factor of 12.
.However, the density cannot really be taken in isolation 
.from distance from the city centre when considering the 
form of the development.
From Figures 10.3 and 9.6, it may be concluded that for 
energy conservation, the residential density should be 
high and also that use should be made of compact townships, 
rather than large sprawling developments, so that all 
facilities are within easy reach of residents.
10.5 Total Residential Energy Consumption
The total energy consumption is obtained by summing the 
three components of capital energy, operational energy 
and transport energy. The result is plotted in Figure 
10.4.
It can be seen that at low densities the operational 
energy is the most significant part of the total energy 
consumption. On the other hand, at higher densities, it 
is less significant, the other components having higher 
values.
The increase in total energy requirement caused by the 
transport energy has a small variation compared with the 
total variation with density and thus its further 
decrease with increasing density will be even less • 
significant.
These facts point towards an optimal development density 
of about 60 - 70 dph as above this figure the capital 
energy requirement rises, the dwelling operational 
energy falls little if at all, and the transport energy 
falls only moderately in comparison with the total.
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CHAPTER ELEVEN 
CONCLUSION.
Chapter 11'
Conclusion.
11.1 Introduction
This work, through examination of data for constructional 
and operational requirements has led to various proposals 
for low energy residential developments. However, there 
are many factors affecting the form and operation of 
developments, including social and time factors in addition 
to the physical factors which have formed the basis of 
this study. Indeed, even the physical factors are not 
independent. It is important therefore to consider how 
the results, the experimental data and the analyses relate 
to a changing world. It is also necessary to consider the 
validity of the results in other situations.
The remainder of this chapter examines these questions 
and assesses how each aspect affects the way that the 
data may be used.
11.2 Applicability of Results
The question of applicability is especially relevant to 
the transport side of the study as this was based solely on 
London. The form of the results was particularly dependent 
on the distance/density relationship. The relationship, 
shown in Figure 9.6 is typical of large urban developments 
in the UK as they have existed historically and currently 
exist. The form has been studied for London but similar 
relationships have been shown for other areast (1).
However, this does not follow from physical necessity and 
new towns being constructed do not exhibit this form to 
the same extent. It is possible to build at any density 
at any distance from the centre of the urban area, but 
cost of land and factors such as existing infra-structure 
affect this.
Changes only occur over a long time period. Time would 
bring other changes too; in lifestyle and technology. The 
changes over the last few years, principally since the 1973/
74 fuel crisis, are discussed below and are shown to have 
had little overall effect on the collected data. However, 
over a longer time period and perhaps given more incentive 
through a worsening energy,situation,patterns of 
trip making may alter. Unless there were real incentive, 
perhaps through government legislation, small potential 
exists in the transport field for conservation through 
changes in use; that is use of different modes, less leisure 
travel and 'so forth. In vehicle technology there is greater 
potential for increased efficiency for private cars which 
could make a significant difference to transport energy 
requirements.
In order to take account of these developments in the future, 
they could be quantified and then applied to the data from 
Maltby, Monteath and Lawler, (2) , Buzzacotty(3), and 
Anstis (4). These new figures could then be used to update 
the transport energy equations (Chapter 9:4 and 9:5 ).
11.3 Validity of Results.
The validity of the transport data also needs examination. 
There is, of necessity, a long time period between surveys 
of the order of magnitude of the Greater London Travel Survey 
and their application. On the other hand, the advantages 
of such a survey lie in its size - a large sample with 
a spread of densities and type of developments not found 
in smaller studies. A resurveyis planned for 1981 which 
will highlight any differences from 1972 but current 
work shows•that as far as energy considerations are 
concerned, these changes will be small.
Regular traffic counts taken in London showed a small 
decline in traffic levels following 1973/74 but that 
this decline was shortlived,(5). Study of commuting patterns 
in Merseyside (6) showed similarly that trip patterns 
soon reverted to their previous form. Also, there were no 
changes in vehicle efficiency. No change was noted in 
average fuel consumption rates for vehicles between 
1968 and 1978 (7) nor was there a trend towards 
buying smaller cars (8).
Thus the transport analysis is valid over the period 1972- 
80 and can be extrapolated for at least a further five 
years.
The extrapolation of data for housing also needs careful 
examination.
The availability of usable energy sources has been shown 
to affect housing styles (Chapter 6) and so it might 
be assumed that the "fuel crisis" of 1973/74 would have 
caused some design changes. For the overall structural 
design these changes are likely to be small. Various 
developments include the wider use of insulation with ..... 
little effect on capital energy requirements but would 
reduce the operational energy. The use of thermally 
heavy or thermally light is a subject for study; it has 
implications for capital and operational energy. The costs 
in energy terms of these changes can be derived from 
the work in earlier chapters (3,4,and 6 ).
Current government initiatives are towards the develop­
ment of district heating schemes, more specifically 
combined heat and power generation (CHP). High 
densities of development lend themselves to use of such 
schemes, since shorter pipe runs are possible, 
minimising heat losses and greater numbers of dwellings, 
can be served from one source leading to economies of 
scale.
But many current problems must be overcome if further 
advances are to be made.
First, there is the enviromental question of needing to 
site a power station (the source of heat supply) 
close to the residential (or other) development.■ whichj: 
will use the heat. Secondly, there are questions concerning 
the efficiency of electricity generation which is 
higher in the UK than in some continental countries 
where district heating schemes operate. If the discharge 
water used for the heating were to be hotter than the 
normal 30° C it would mean that there would be a reduction 
in the efficiency of generation. However, using the 
otherwise waste product can lead to an overall increase 
in efficiency of energy usage. The alternative to . •
changing the generating operation to give hotter 
discharge water is to make use of the present system 
as low grade heat. This is feasible but has implications 
for housing construction also. (This is discussed 
further below)
However, district heating schemes are not shown up well 
in this study (chapter 7.5). Most district heating 
schemes use unmetered heat supplies and it is well 
known that this can lead to excessive use by households.
The district heating schemes studied in the survey 
showed very high consumption rates compared with national 
average energy requirements for heating. They were 
especially high compared with the results of the rest of 
the survey considering similar house types. (Chapter 7)
In summary, district heating has many possibilities 
which are not studied in full here as they are outside 
the scope of the project. Extensive use of district heating 
is likely to lead to use of higher densities and also 
to the need to reconsider some aspects of construction.
Thus the timber frame house which is shown to be the most 
economical for construction energy requirement, is not 
the most suitable for such a heating regime as is required 
by the use of low grade heat. Although the insulating 
properties of such a construction are good, the structure 
is thermally light which means that it heats and cools 
quickly. For the use of low grade heat a thermally heavy 
structure is required in order to retain the heat. The 
author would emphasise, however, that the form of such 
structures should be simple. Whilst district heating 
would ideally serve large size blocks, to minimise heat 
losses (Chapter 6.4) it is shown (Chapter 4, Fig. 4.2) 
that whatever the form of construction the energy 
requirement per unit floor area increases with increasing 
size of block. As blocks become larger the capital energy 
requirement becomes an increasingly significant part of 
the total, (Chapter 10). Simple terraced housing is a good 
solution to achieve a balance.
However, published data (9,10) on operational energy 
requirements vary in their method of description and 
calculation? some being based on housetype and others 
on floor area, whereas both these and many other factors 
influence the requirement. The survey conducted by the 
author to clarify the situation has unfortunately produced 
as many problems as it solved.
Particular questions are raised by the survey with respect 
to the figures for terraced housing which show a very low 
requirement compared with semidetached housing. One of 
the reasons for this, although unlikely, could simply 
be that the houses surveyed were under-heated or more 
likely under-ventilated. This would also have implications 
for construction energy requirements, particularly 
maintenance, as under-ventilation, in an effort to save 
heat, will lead to condensation and necessitate more 
rapid replacement of woodwork. Futher evidence on the 
rightness of questioning these figures follows from the 
problems associated with postal surveys (see Chapter 7): 
no real check can be made on the accuracy of returns.
In spite of the proviso that this particular result is 
low, the average energy required for terraced housing 
is still such as to show the advantage in energy terms 
for this form over semidetached housing and hence this 
is recommended for district heating in preference to 
larger multistorey blocks.
11.4 Summary
The work described in this thesis is based on 1972 data 
for London but, as set out in the above paragraphs, more 
general application is possible. The travel patterns 
upset in 1973 are now largely re-established and whilst 
the scale of development in London is different from other 
cities the overall density/ transport energy pattern 
could be expected to apply.
Changes in capital energy consumption caused by recent 
changes in design are small but there is a continual 
development in techniques of operational energy use..
The consequence of the activity in the operational energy 
field, leading to small reductions in requirement, is 
to put more emphasis on the capital and transport energy 
requirements, and their importance in residential 
developments becomes even more significant.
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CHAPTER TWELVE 
FURTHER WORK
Chapter 1.2
Further Work
12.1 Introduction
This thesis aims to provide better links between the 
rather fragmented studies on energy consumption and 
present an overall picture of energy requirements in 
residential areas. There remain, however, further 
areas for consideration, both in terms of details not 
fully considered here and also of extensions to this work.
Possible areas of future work are outlined in this final 
chapter. Discussion is limited to topics which fall 
within the scope of this project as it would not be 
possible to consider the full spectrum of energy studies.
12.. 2 Capital Energy Requirements
12.2.1 The Construction Process
The study of capital energy requirements described in 
Chapters 2 - 5  of this thesis was concerned primarily 
with the materials involved. The construction process 
was considered briefly and shown to be small in 
comparison and so was not taken further. However, only 
conventional building methods were considered and no 
comparison was made with prefabricated building 
techniques.
This was partly due to the belief that the effect in terms 
of overall consumption would be small and partly due to the 
unavailability of information. An approach to a number of 
manufacturers of prefabricated units yielded no relevant 
information.
12.2.2 Inf r a s tructure
The analysis of the capital energy requirements of 
infrastructure, discussed in Chapter 5, gave an 
indication of the order of magnitude of the energy 
requirement. Although the work showed a variation in 
energy requirement for infrastructure with density, 
more work could be done on this aspect with regard 
to services. Questions such as the possibilities 
for variation with changes in layout can be taken 
further, perhaps to develop standard relationships 
from which variation can be more easily measured. 
Innovations in this field could also be studied from an 
energy point of view.
12.3 Other Developments
The residential area has been the subject of this 
study but it is, of course, only one aspect of the 
built environment. Similar studies of the kind dealt with in 
this thesis could be carried out for shopping centres, 
industrial estates and so forth. Owens1 work(l) is concerned 
with overall development patterns and their energy 
requirements and detailed analyses of this sort could 
provide useful input to such a study.
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Junction fo r floor slab and external wall.
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APPENDIX C
C L I N E  R O A D
B U IL T : 1899 
SOLID BRICK W ALLING  
GROUND FLOOR A R E A  : 30 m 1 
TOTAL FLOOR A R E A : 5 9 m l 
ENERGY REQUIREM ENT: 143 GJ
W E S T B O R O U G H
BUILT : 1936 
CAVITY BRICK WALLING 
GROUND FLOOR A R E A : 29 m 2 
TOTA L FL OOR ARE A : 5 8 m 1 
ENERGY REQUIREM ENT: 133GJ
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S C O V E L L  ROAD
B U ILT: 1976  
BRICK/BLOCK W ALLING 
GROUND FLOOR A R E A : 39 m 4 
TOTAL FLOOR A R E A : 7 7 m 4
ENERGY REQUIREMENT: 187GJ
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APPENDIX D
O l i d .  M R L H  . 1 ' J  I I U  VY 1 t  | I / L Z . J  U V Y C U I I i y i
LIM ITED  VEHICULAR ACCESS .
GROUPED PARKING FACILITIES 
PAVED A R E A S  AR O U N D  DW ELLING S 
TOTAL ENERGY REQUIREMENT : 1500  GJ
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HI GH K I N G S D O W N
S I T E  A R E A :  2 - 8 h a  w i t h  213 dw e llings  
LIM ITED VEHICULAR ACCESS 
GROUPED PARKING FACILITIES 
PAVED'AREAS AROUND DWELLINGS 
TOTAL ENERGY REQUIREMENT : 1580 GJ
s n t / A K t A :  U 'S n a  w itn  / ^ d w e l l i n g s  
ROAD FRONTAGE TO DW ELLINGS 
ON PLOT OR ROADSIDE PARKING 
TOTAL ENERGY REQUIREM ENT: 3510GJ
j
S ITE A R E A  : 3-6 ha .w i th  16 d w e llin g s  
ROAD FRONTAGE TO DWELLINGS 
ON PLOT PARKING
TOTAL ENERGY REQUIREM ENT: 690 GJ
APPENDIX E
Guildford Surrey G U 2  5 X H T  0483 71281 Telex 859331
R e f .  C E W / L M W
D e a r  S i r / M a d a m ,
C a n  y o u  h e l p  u s ?  W e  a r e  h o p i n g  t o  c o l l e c t  i n f o r m a t i o n  f r o m  a  n u m b e r  
o f  h o u s e h o l d s  i n  y o u r  a r e a  w h i c h  w i l l  b e  u s e d  a s  p a r t  o f  a  r e s e a r c h  
p r o j e c t .
I t  w o u l d  b e  v e r y  h e l p f u l  i f  y o u  c o u l d  c o m p l e t e  t h e  e n c l o s e d  
q u e s t i o n n a i r e ,  c o n c e r n i n g  y o u r  h o u s e h o l d ’ s  e n e r g y  c o n s u m p t i o n  a n d  
r e t u r n  i t  i n  t h e  e n v e l o p e  p r o v i d e d .  T h i s  i n f o r m a t i o n  w i l l  b e  u s e d  
t o  s t u d y  t h e  u s e  o f  e n e r g y  i n  a n d  a r o u n d  h o u s i n g  e s t a t e s  a n d  
h o p e f u l l y ,  t o  e n a b l e  u s e f u l  i m p r o v e m e n t s  t o  b e  m a d e  i n  t h e  
p r o v i s i o n  o f  f u t u r e  h o u s i n g .
S t r i c t  c o n f i d e n t i a l i t y  w i l l  b e  m a i n t a i n e d .
N o  n a m e s  a r e  r e q u i r e d  a n d  y o u r  a d d r e s s  w i l l  o n l y  b e  u s e d  i n  o u r  d a t a  
a n a l y s i s ,  f o r  i n s t a n c e  t o  i d e n t i f y  t h e  h o u s e  t y p e .
Y o u r  h e l p  w i l l  b e  g r e a t l y  a p p r e c i a t e d ,  s i n c e  w e  d e p e n d  o n  v o l u n t a r y  
p a r t i c i p a t i o n .
Y o u r s  f a i t h f u l l y ,
C a t h e r i n e  W r i g h t
R e e s  J e f f r e y s  R e s e a r c h  S t u d e n t
U N I V E R S I T Y  OF S U R R E Y
D E P A R T M E N T  O F  C I V I L  E N G I N E E R I N G
H O U S E H O L D  E N E R G Y  C O N S U M P T I O N  S U R V E Y
E s t a t e
Q u e s t i o n A n s w e r O f f i c e  u s e  o n l y
W h a t  i s  t h e  t y p e  o f  
y o u r  d w e l l i n g ?
P l e a s e  s p e c i f y :  
e . g .  3  b e d r o o m e d  t e r r a c e d  
h o u s e
2  b e d r o o m e d  f l a t
H a s  y o u r  h o u s e  h a d  
i n s u l a t i o n  a d d e d  
s i n c e  i t  w a s  b u i l t ?
D o  y o u  h a v e  d o u b l e  
g l a z i n g ?
P l e a s e  d e l a t e  a s
a p p r o p r i a t e .
Y E S / N O
Y E S / N O
W h a t  i s  y o u r  m a i n  m o d e  
o f  h e a t i n g ?
P l e a s e  t i c k  a s  
a p p r o p r i a t e .
1 .  G a s  c e n t r a l  h e a t i n g
2 .  E l e c t r i c  c / h
3 .  O i l  c / h
4 .  S o l i d  f u e l  c / h
5 .  G a s  f i r e s
6 .  E l e c t r i c  f i r e s
7 .  C o a l  f i r e s
8 .  O t h e r  ( p l e a s e  s p e c i f y )
W h a t -  f u e l  d o  y o u  u s e  
f o r  c o o k i n g ?
P l e a s e  t i c k  a s  
a p p r o p r i a t e .
1 .  G a s
2 .  E l e c t r i c i t y
3 .  O t h e r  ( p l e a s e  s p e c i f y )
Question Answer Office use only
H o w  d o  y o u  h e a t  y o u r  
w a t e r ?
P l e a s e  t i c k  a s  
a p p r o p r i a t e .
1 .  A s  p a r t  o f  c / h  s y s t e m
2 .  I m m e r s i o n  h e a t e r
3 .  W a l l  h e a t e r
4 .  O t h e r  ( p l e a s e  s p e c i f y )
W h a t  i s  y o u r  a n n u a l  
f u e l  c o n s u m p t i o n ?
P l e a s e  i n d i c a t e  t h e  v a l u e  o f  
t h e  f u e l  b i l l  o r  t h e  u n i t s  
( t o n s  o f  c o a l ,  u n i t s  o f  
e l e c t r i c i t y ,  c u b i c  f e e t  o f  . 
g a s ,  e t c . )  u s e d  f o r  e a c h  
f u e l ,  a n d  t h e  p e r i o d  o f  t i m e  
i n v o l v e d .
£ u n i t s
1 .  G a s
2 .  E l e c t r i c i t y
3 .  O i l
4 .  S o l i d  f u e l
H o u s e h o l d  i n f o r m a t i o n :  
H o w  m a n y  p e r s o n s  a r e  
n o r m a l l y  r e s i d e n t ?
W h a t  i s  t h e  o c c u p a t i o n  
o f  t h e  h e a d  o f  h o u s e - ,  
h o l d ? .
W h a t  i s  t h e  t o t a l  
. c o m b i n e d  i n c o m e  f o r  
a l l  m e m b e r s  o f  y o u r  
h o u s e h o l d ? *
P l e a s e  g i v e  n u m b e r :
P l e a s e  s p e c i f y :  e . g .  w a g e s
c l e r k ,  d o c t o r ,  l a b o u r e r  e t c ,
P l e a s e  g i v e  t h e  a p p r o x i m a t e  
a n n u a l  s a l a r y  o r  t a k e  h o m e  p a y ,
*  A s  p r e v i o u s l y  s t & t e d  a l l  i n f o r m a t i o n  w i l l  b e  t r e a t e d  c o n f i d e n t i a l l y  
a n d  n o  i n f o r m a t i o n  w i l l  b e  p a s s e d  o u t s i d e  t h e  U n i v e r s i t y  o f  S u r r e y ,  
h o w e v e r ,  i f  y o u  d o  n o t  w i s h  t o  a n s w e r  t h i s  q u e s t i o n  p l e a s e  d o  
c o m p l e t e  t h e  r e s t  o f  t h e  f o r m .  T h i s  i n f o r m a t i o n  i s  r e q u i r e d  i n  
o r d e r  t o  b e  a b l e  t o  a s s e s s  w h a t  p r o p o r t i o n  o f  t h e i r  t o t a l  i n c o m e ,  
p e o p l e  s p e n d  o n  f u e l .
APPENDIX F
A  s i n g l e  r e c o r d  o n  t a p e  r e l ' a t e s  t o  a  h o u s e h o l d  i n t e r v i e w  r e c o r d  o f  s u c c e s s  r a t e  1  
( C a r d  1 ,  C o l  2 9  =  1 )  f o r  w h i c h  t h e  d a t e  o f  t r a v e l  d a y  i s  n o t  1 7 - 2 5 t h  A p r i l  o r
1 2 - 1 5 t h  M a y  1 9 7 2  ( C a r d  1 ,  C o l ' s  2 4 - 2 7  /  1 7 0 4 ,  1 8 0 4 , . . . 2 5 0 4 ,  1 2 0 5 ,  1 3 0 5 ,  1 5 0 5 )
a n d  f o r  w h i c h  a  Y  c o d e  i s  n o t  p r e s e n t  i n  a n y  o f  t h e  f o l l o w i n g  f i e l d s : -
( a )  c a r  o w n e r s h i p  ( C a r d  1 ,  C o l ' s  4 4 - 4 5 )
( b )  i n c o m e  ( C a r d  1 ,  C o l  4 7 ,  p o s t  p a t c h i n g )
( c )  w o r k i n g  s t a t u s  o f  a n y  p e r s o n  p r e s e n t  ( C a r d  2 ,  C o l  1 5 / 5 0 ,  s o  l o n g  a s
C a r d  2 ,  C o l  1 0 / 4 5  /  3 )
( d )  t h e  o r i g i n  o r  d e s t i n a t i o n  a d d r e s s  s u b - z o n e  c o d e s  o f  a n y  s t a g e  ( C a r d  3 ,  
C o l ' s  1 3 - 1 7 ,  2 2 - 2 6 ,  a f t e r  a l l o c a t i o n  o f  d u m p  c o d e s )
( e )  t h e  o r i g i n  o r  d e s t i n a t i o n  t i m e s  o f  a n y  s t a g e  ( C a r d  3 ,  C o l ' s  1 8 - 2 1 ,  . 
2 7 - 3 0 ,  a f t e r  p a t c h i n g )
( f )  t h e  m o d e  o f  t r a v e l  o f  a n y  s t a g e  ( C a r d  3 ,  C o l  3 1 )
( g )  t h e  p u r p o s e  f r o m  o r  t o  o f  a n y  s t a g e  ( C a r d  3 ,  C o l ' s  3 4 , 5 5 )
B y t e s D e s c r i p t i o n  o f  F i e l d  D e r i v a t i o n  o f  Q u a n t i t y
1 - 4 - ' h o u s e h o l d  r e c o r d  n u m b e r  C a r d  1 , C o l ' s  1 - 6
5 - 8 b l a n k  ( b i n a r y  z e r o s ) ;  t h e s e
\
b y t e s  u s e d  o n l y  i n  p e r s o n  a n d
t r i p  t a p e s .
9 b l a n k  ( b i n a r y  z e r o )
1 0 s a m p l i n g  p h a s e  n o . C o l  9  *
1 1 s a m p l i n g  b o r o u g h C o l ' s .  1 0 - 1 1
1 2 w a r d  n o . C o l  1 2
1 3 - 1 4 a d d r e s s  n o .  ( w i t h i n  w a r d ) C o l ' s  1 3 - 1 5
1 5 h o u s e h o l d  n o .  ( w i t h i n  a d d r e s s ) C o l  1 6
1 6 n o .  o f  h o u s e h o l d s  a t  a d d r e s s C o l  2 2
H o m e  A d d r e s s  ( h e i r a r c h i c a l  z o n e )
1 7 t r a f f i c  s e c t o r C o l  1 7
1 8 "  b o r o u g h  ( w i t h i n  s e c t o r ) C o l  1 8
1 9 "  d i s t r i c t  (  "  . b o r o u g h ) C o l  1 9
2 0 '  . "  z o n e  (  "  d i s t r i c t ) C o l  2 0
2 1 - "  • s u b - z o n e  (  "  z o n e ) C o l  2 1
2 3 - 2 4 h o m e  a d d r e s s  ( s e q u e n t i a l  z o n e C o l ' s  1 7 - 2 0 ,  o n  r e f e r e n c e  t o
c o d e ) a  l o o k  u p  d e c k .
2 5 m o n t h  o f  t r a v e l  d a y C o l ' s  2 6 , 2 7 ;  0 9  r e c o d e d  t o  2 1
p h a s e  n o .  =  7 .
0 1  r e c o d e d  t o  1 3 ,
02 - " - 14,
•
0 8
• •
-  2 0
2 6 d a t e  o f  t r a v e l  d a y  ( w i t h i n  m o n t h ) C o l ' s  2 4 , 2 5
2 7 d a y  o f  w e e k  o f  t r a v e l  d a y C o l  2 8
2 8 s u c c e s s  r a t e  o f  i n t e r v i e w  ( = 1 ) C o l  2 9
p.y ufs
2 9 - 3 2
33
3 4
3 5
3 6
3 7
3 8
3 9
4 0
4 1
4 2
4 3
4 4
4 5
4 6
4 7
4 8
4 9
Description of Field
d e m o g r a p h i c  e x p a n s i o n  f a c t o r  
( m u l t i p l i e d  " b y  1 0 )
n o .  h h o l d  m e m b e r s  a g e d  5 + -
p r e s e n t  o n  t r a v e l  n i g h t
n o .  v i s i t o r s  a g e d  5 +  a n d
p r e s e n t  o n  t r a v e l  n i g h t
n o .  h h o l d  m e m b e r s  a g e d  5 +
a b s e n t  o n  t r a v e l  n i g h t
n o .  i n f a n t  h h o l d  m e m b e r s
n o .  p e r s o n s  p r e s e n t  o n  t r a v e l
n i g h t
n o .  c a r s  o r  p r i v a t e  v a n s  o w n e d  
b y  h h o l d  m e m b e r s
n o .  o t h e r  c a r s  a n d  v a n s  a v a i l ­
a b l e  f o r  p r i v a t e  u s e
n o .  m o t o r  c y c l e s  o w n e d  o r
a v a i l a b l e
n o .  t a x i s  a v a i l a b l e  f o r
p r i v a t e  u s e
n o .  g o o d s  v e h i c l e s  a v a i l a b l e
f o r  p r i v a t e  u s e
n o .  o f  c a r s  o r  p r i v a t e  v a n s  
o w n e d  o r  a v a i l a b l e  f o r  p r i v a t e  
u s e  b y  h h o l d  m e m b e r s
n o .  o f  c a r s ,  p r i v a t e  v a n s  a n d  
m o t o r  c y c l e s  o w n e d  o r  a v a i l a b l e  
f o r  p r i v a t e  u s e  b y  h h o l d  m e m b ’ s
n o .  o f  v e h i c l e s  n o r m a l l y  k e p t
o f f  s t r e e t  o v e r n i g h t
t o t a l  i n c o m e  o f  a l l  h h o l d
m e m b e r s  b e f o r e  d e d u c t i o n s
i n c o m e  p a t c h  c o d e
n o .  p e r s o n s  p r e s e n t  w h o  a r e  
e m p l o y e d  f u l l  t i m e  ( 3 1 +  h o u r s
a  w e e k )
n o .  p e r s o n s  p r e s e n t  w h o  a r e  
- ^ e m p l o y e d  f u l l  o r  p a r t  t i m e
( 8 f  h o u r s  a  w e e k )
8
Derivation of Quantity
T h e r e  i s  a  s e p a r a t e  e x p a n s i o n  f a c t o r  f o r  
e a c h  C e n s u s  C o m p a r i s o n  A r e a  ( C C A ,  u s u a l l y  
a  C e n s u s  w a r d )  w i t h i n  e a c h  o f  1 7  h o u s e h o l d  
c a t e g o r i e s  ( h h o l d  s i z e  =  1 ; 2 ; 3 ; 4 ; 5 + ,  b y  
e m p l .  r e s .  =  0 ; 1 ; 2 ; 3 + ,  l e s s  t h o s e  l o g i c a l l y  
i m p o s s i b l e ,  e g .  h h o l d  s i z e = 1 ,  e m p l .  r e s . = 2 ) •
C a r d J L ,  C o l  3 3
C o l  3 4
C o l  3 5  
C o l  3 6
C a r d  1 ,  s u m m i n g  C o l ’ s  3 3 > 3 4  &  3 6  
C a r d J L ,  C o l  3 9  
C o l  4 0
C o l  4 1  
C o l  4 2  
C o l  4 3
C a r d  1 ,  s u m m i n g  C o l ’ s  3 9  &  4 0
C a r d  1., s u m m i n g  C o l ’ s  3 9 , 4 0  &  4 1
C a r d  1 ,  C o l  4 6 ;  Y  r e c o d e d  t o  1 2 ,
C o l  4 7 ;  0  r e c o d e d  t o  1 0  -  s e e  
A p p e n d i x  T j  f o r  d e f i ­
n i t i o n s  o f  c o d e s  u s e d .
C o l  8 0  ( 0  =  i n c o m e  n o t  p a t c h e d ,  
1 - 4  =  i n c o m e  p a t c h e d  )
A  c o u n t  o f  t h e  n u m b e r  o f  p e o p l e  i n  t h e  
h h o l d  w h o  a r e  e m p l o y e d  f u l l  t i m e  ( C a r d  
2 ,  C o l  1 3 / 5 0  =  1 ) ,  s o  l o n g  a s  t h e i r  
s t a t u s  i s  n o t  ’ h h o l d  m e m b e r  a b s e n t ’
C a r d  2 ,  C o l  1 0 / 4 5  /  3 ) .
A  c o u n t  o f  t h e  n u m b e r  o f  p e o p l e  i n  t h e  
h h o l d  w h o  a r e  e m p l o y e d  f u l l  o r  p a r t  
t i m e  ( C a r d  2 ,  C o l  1 5 / 5 0  =  1 , 2 ) ,  s o  l o n g  
a s  t h e i r  s t a t u s  i s  n o t  ’ h h o l d  m e m b e r  
a b s e n t ’  ( C a r d  2 ,  C o l  1 0 / 4 5  /  3 ) .
c o n t .
B y t e s  D e s c r i p t i o n  . o f  F i e l d D e r i v a t i o n  o f  Q u a n t i t y
5 0 w o r k i n g  s t a t u s  o f  h e a d  o f  h h o l d
F o r  1 s t  p e r s o n  ( C a r d  2 ,  C o l ’ s  8 , 9  =  
o n l y : -
C a r d  2 ,  C o l  1 5 ;  Y  r e c o d e d  t o  9
01)
5 1 S . E . G .  o f  h e a d  o f  h h o l d C o l  1 6 ;  Y  r e c o d e d  t o  8 ,
b l a n k -  "  -  9 .
5 2 o c c u p a t i o n  o f  h e a d  o f  h h o l d  . C o l  1 7 ;  Y  r e c o d e d  t o  7 ,
b l a n k -  "  -  8 .
5 3 i n d u s t r y  o f  h e a d  o f  h h o l d C o l  1 8 ;  0  r e c o d e d  t o  1 0 ,
X -  »  -  1 1 ,
Y -  "  -  1 2 ,
b l a n k -  "  -  1 3 .
i S e e  _  
> A p p  I I  
' f o r  
► d e f * n  
' O f
' c o d e s *
5 4 - 5 6  b l a n k  ( b i n a r y  z e r o s )
5 7 - 1 4 6  B A S I C  J O U R N E Y  C O U N T S  ( E X C L U D I N G  W A L K ) _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
T h e  f o l l o w i n g  g i v e s  t h e  b y t e  p o s i t i o n  o f  e a c h  c o u n t ;  n o n e  c o n t a i n  
a d j u s t m e n t s  f o r  s c r e e n l i n e  v a l i d a t i o n : -
- -  I n t e r n a l  o n l y — - - - A l l  b a s i c  j n y s —
W O R K
J O U R N E Y  M O D E  T Y P E
O H B N H B T O T W O R K O H B N H B T O T
C a r  d r i v e r 5 7 5 8 5 9 6 0 8 5 8 6 8 7 8 8
C a r  p a s s e n g e r 6 1 6 2 6 3 6 4 8 9 9 0 9 1 9 2
P . T . ,  c a r  a v a i l . 6 5 6 6 6 7 6 8 9 3 9 4 • 9 5 9 6
P . T . ,  c a r  n o t  a v a i l . 6 9 7 0 7 1 7 2 9 7 9 8 9 9 1 0 0
P a r k  &  r i d e 7 3 7 4 7 5 7 6 1 0 1 1 0 2 1 0 3 1 0 4
O t h e r 7 7 7 8 7 9 8 0 1 0 5 1 0 6 1 0 7 1 0 8
T o t a l 8 1 8 2 8 3 8 4 1 0 9 1 1 0 1 1 1 —
O R I G I N  - - - - - - - - - - - - D E S T I N A T I O N  P U R P O S E  ( A L L  B A S I C  J N Y S )  • - - - - - -
P U R P O S E  H o m e  W o r k  E . B u s  P . B u s  E n t / S p  S o c  S h o p  E d u c  T o t
W o r k  
E m p .  B u s
H o m e
P e r s .  B u s .  1 2 2
E n t  e r / S p o r t  1 2 3
S o c i a l  1 2 4
S h o p p i n g  1 2 5
E d u c a t i o n  1 2 6
T o t a l 1 4 2  1 4 3  1 4 4  ■ 1 4 5
i 4 7 - 1 4 8  t h e  n u m b e r  o f  b a s i c  j o u r n e y s  
w i t h  m a i n  m o d e  =  9  ( w a l k )
’ W a l k ’  m a y  o n l y  b e  t h e  m a i n  m o d e  o f  a  
j o u r n e y  i f  n o  o t h e r  m o d e  i s  p r e s e n t ;  
w a l k  t r i p s  w e r e  o n l y  c o l l e c t e d  f o r  t h e  
j o u r n e y  f r o m  h o m e  t o  w o r k .
c o n t .
Bytes Description of Field Derivation of Quantity
1 4 9 - 1 5 2
1 5 3 - 1 5 6
t o t a l  d i s t a n c e  t r a v e l l e d  a s  
a  c a r  d r i v e r
t o t a l  d i s t a n c e  t r a v e l l e d  a s  
a  p u b l i c  t r a n s p o r t  p a s s e n g e r
s u m m a t i o n  o f  t h e  a i r - l i n e  d i s t a n c e  o f  
a l l  c a r  d r i v e r  s t a g e s ,  r o u n d e d  t o  t h e  
n e a r e s t  1 0 0  m e t r e s .
a s  a b o v e ,  b u t  f o r  s t a g e s  c o d e d  w i t h  
m o d e  =  4 - 8 .
A  s i n g l e  r e c o r d  o n  t a p e  r e l a t e s  t o  a  s t a g e  t h a t  i s  r e c o r d e d  f o r  a  p e r s o n  i n  a  
h o u s e h o l d  f o r  w h i c h  a  r e c o r d  e x i s t s  o n  T a p e  2 ,  e x c e p t  t h a t : -
i .  n o  s t a g e  r e l a t e s  t o  a  b a s i c  j o u r n e y  t h a t  h a s  b o t h  o r i g i n  a n d  d e s t i n a t i o n  
a d d r e s s e s  c o d e d  w i t h  l e a d i n g  d i g i t  =  9  ( e x t e r n a l  t o  t h e  G L T S  A r e a )
i i .  n o  s t a g e  r e l a t e s  t o  a  C a r d  3  t h a t  h a s - e i t h e r  s t a r t  o r  e n d  a d d r e s s e s  
c o d e d  w i t h  l e a d i n g  d i g i t s  =  9 9 9  ( o v e r s e a s )
B y t e s D e s c r i p t i o n  o f  F i e l d D e r i v a t i o n  o f  Q u a n t i t y
1 - 4  . A S  D O R  T A P E  2
5  . p e r s o n  n o .  ( w i t h i n  h h o l d )
6  j o u r n e y  n o .  ( w i t h i n  p e r s o n )  •
7  s e m i - l i n k e d  j o u r n e y  n o .  ( w i t h i n
j o u r n e y )
8  . s t a g e  n o .  ( w i t h i n  p e r s o n )
9 - 3 2  A S  D O R  T A P E  2
3 3 - 5 6  a d j u s t e d  t r i p  e x p a n s i o n  f a c t o r
3 7  n o .  o f  c a r s  &  p r i v a t e  v a n s
o w n e d  o r  a v a i l a b l e  f o r  p r i v a t e  
u s e  b y  h h o l d  m e m b e r s
3 8  n o .  o f  c a r s ,  p r i v a t e  v a n s  &
m o t o r  c y c l e s  o w n e d  o r  a v a i l a b l e  
f o r  p r i v a t e  u s e  b y  h h o l d  m e m b 1  s
3 9  p e r s o n  s t a t u s  ( m e m b e r  p r e s e n t /
v i s i t o r )
4 0  d a y  o f  w e e k e n d  ( w / e  d a t a  o n l y )
4 1  f l a g  f o r  t h e  a l l o c a t i o n  o f  a n
a d d r e s s
4 2 - 4 4  b l a n k  ( b i n a r y  z e r o )
4 5
4 6
4 7
4 8
4 9
5 0  
5 1 - 5 2
5 3
5 4
S t a r t  A d d r e s s  
t r a f f i c  s e c t o r
"  b o r o u g h  ( w i t h i n  s e c t . )
”  d i s t r i c t  (  "  b o r o . )
M  z o n e  (  M  d i s t . )
"  s u b - z o n e  (  "  z o n e )
b l a n k ,  ( b i n a r y  z e r o )
s t a r t  a d d r e s s  s e q u e n t i a l  z o n e
s t a r t  t i m e  ( h o u r s )
-  "  -  ( m i n u t e s )
a s s o c i a t e d  C a r d  3 ,  C o l ’ s  8 , 9
d e r i v e d  t h r o u g h  t r i p  l i n k i n g  
s e e  A p p e n d i x  V i  I
a s s o c i a t e d  C a r d  3 ,  C o l ’ s  1 0 , 1 1
s c r e e n l i n e  v a l i d a t i o n  f a c t o r  ( 1 . 0  
f o r  w o r k  t r i p s ,  1 . 1  f o r  n o n - w o r k  
t r i p s )  m u l t i p l i e d  b y  t h e  d e m o g r a p h i c  
e x p a n s i o n  f a c t o r .
a s s o c i a t e d  C a r d  1 ,  s u m m i n g  C o l ’ s  3 9  &  4 0
a s s o c i a t e d  C a r d  1 ,  s u m m i n g  C o l ’ s  3 9 *  
4 0  &  4 1
a s s o c i a t e d  p e r s o n  r e c o r d  o n  C a r d  2 ,  
C o l  1 0 / 4 5
=  0 i f  C a r d 3 ,  C o l 1 2 i s 0 , 3 o r
=  1 _ 1!  _ 1 , 4 o r
=  2 2 , 5 o r
=  0 i f  C a r d 3 ,  C o l 1 2 i s 0 , 1 o r
=  1 _ i i  _ 3 , 4 o r
=  2 _ i i  __ 6 , 7 o r
C a r d  3 .  C o l  1 3  
C o l  1 4  
C o l  1 5  
C o l  1 6  
C o l  1 7
C o l ’ s  1 3 - 1 6 ,  o n  r e f e r e n c e  t o  a  
l o o k  u p  d e c k .
C o l ’ s  1 8 , 1 9
C o l ’ s  2 0 , 2 1  -  I n  t h e  e v e n t  o f  
t h e  s t a r t  t i m e  h a v i n g  b e e n  
p a t c h e d ,  t h i s  v a l u e  i s  s e t  @  9 9 -
- r a p e  o 
B y t e s
5 5 - 5 6
5 7
5 8
5 9
6 0  
61
62
63-64
6 5
66
6 7 - 6 8
6 9
7 0
7 1
7 2
7 3
7 4
7 5
7 6
7 7
7 8
7 9
8 0  
8 1  
8 2
8 3
^  c o m .)
D e s c r i p t i o n  o f  F i e l d
s t a r t  t i m e  ( 1 0  m i n u t e  i n t e r v a l )
E n d  A d d r e s s  
t r a f f i c  s e c t o r
11 b o r o u g h  ( w i t h i n  s e c t . ]
”  d i s t r i c t  (  "
M  z o n e  (  ”
”  s u b - z o n e  (  ”
b l a n k  ( b i n a r y  z e r o )
e n d  a d d r e s s  s e q u e n t i a l
e n d  t i m e  ( h o u r s )
-  "  -  ( m i n u t e s )
-  ”  -  ( 1 0  m i n u t e  i n t e r v a l )
m o d e  o f  t r a v e l  o f  s t a g e
j o u r n e y  m o d e  t y p e  
• s t a r t  l a n d  u s e  
. • e n d  l a n d  u s e
s t a r t  p u r p o s e  o f  s t a g e  
e n d  p u r p o s e  o f  s t a g e  
o r i g i n  p u r p o s e  o f  j o u r n e y  
d e s t i n a t i o n  p u r p o s e  o f  j o u r n e y  
b a s i c  j o u r n e y  p u r p o s e  
F o r  w / E  d a t a  o n l y : -  
d e t a i l e d  p u r p o s e  f r o m  
d e t a i l e d  p u r p o s e  t o  
F o r  V e h i c l e  D r i v e r s  o n l y : -  
n o .  o f  o c c u p a n t s  
p a r k i n g  t y p e  @  e n d  a d d r e s s  
c o s t  o f  p a r k i n g  ( n e w  p e n c e )
d u r a t i o n  o f  p a r k i n g
b o r o . )
d i s t . )
z o n e )
z o n e
Derivation of Quantity
T h i s  v a l u e  i s  s e t  w i t h i n  t h e  r a n g e  2 5  
( 4 . 0 0 - 4 . 0 9  a . m . )  a n d  2 2 2  ( 1 2 . 5 0 - 1 2 . 5 9  
p . m .  t h e  f o l l o w i n g  d a y ) ,  a n d  i s  p r e s e n t  
f o r  b o t h  p a t c h e d  a n d  u n p a t c h e d  t i m e s .
C a r d  3 .  C o l  2 2  
C o l  2 3  
C o l  2 4  
C o l  2 5  
C o l  2 6
C o l ’ s  2 2 - 2 5 ,  o n  r e f e r e n c e  t o  a  
l o o k  u p  d e c k .
C o l ’ s  2 7 f 2 8
C o l ’ s  2 9 , 3 0 -  I n  t h e  e v e n t  o f  
t h e  e n d  t i m e  h a v i n g  b e e n  p a t c h e d ,  
t h i s  v a l u e  i s  s e t  a t  9 9 .
T h i s  v a l u e  i s  s e t  w i t h i n  t h e  r a n g e  2 5  
( 4 . 0 0 - 4 . 0 9  a . m . ) ‘ a n d  2 2 2  ( 1 2 . 5 0 - 1 2 . 5 9  
p . m .  t h e  f o l l o w i n g  d a y ) ,  a n d  i s  p r e s e n t  
f o r  b o t h  p a t c h e d  a n d  u n p a t c h e d  t i m e s .
C a r d  3 ,  C o l  3 1 ;  0  r e c o d e d  t o  1 0 , '
X  -  "  -  1 1 .
J T Y P ,  a s  d e f i n e d  i n  A p p e n d i x  V I I
C a r d  3 .  C o l  3 2  )  0  r e c o d e d  t o  1 0 ,
X  -  "  -  1 1 ,
C o l  3 3
Y  -  "  -  1 2 .
0  r e c o d e d  t o  1 0 .
C o l  3 4  
C o l  3 5
S P U R O ( l )  ,  a s  d e f i n e d  i n  A p p e n d i x  V I I
s p u r d ( k ) , '  -  "  -
JPURP, - ’’ -
C a r d  3 .  C o l  36 )
n i w  )  Y  r e c o d e d  t o  1 0 .  
C o l  3 7  (
C o l  3 8 ;  Y  r e c o d e d  t o  1 0 .
C o l  3 9 ;  Y  r e c o d e d  t o  1 0 .
C o l ’ s  4 0 - 4 1 ;  b l a n k  &  Y  r e c o d e d  t o
100.
C o l  4 2 ;  b l a n k  &  Y  r e c o d e d  t o  1 0 .
F o r  P u b l i c  T r a n s p o r t  s t a g e s  
o n l y :  -
8 4  f a r e  s c a l e
8 5  v a l i d i t y  o f  t i c k e t
8 6  b l a n k  ( b i n a r y  z e r o )
I f  V a l i d i t y  i s  S e a s o n  o n l y : -  
8 7 - 8 8  l e n g t h  o f  p e r i o d  ( i n  d a y s )
8 9 - 9 0  s t a g e  c o s t  ( n e w  p e n c e )
9 1  s t a g e  c a r  a v a i l a b i l i t y
9 2  j o u r n e y  c a r  a v a i l a b i l i t y
9 5  b u s  t y p e  ( i f  a n y )
9 4  v j g  l i n e  ( i f  a n y )
9 5 - 9 6  b l a n k  ( b i n a r y  z e r o s )
9 7 - 1 0 0  s t a g e  d i s t a n c e
1 0 1  t r i p  t i m e  p a t c h i n g  c o d e
1 0 2  e x t e r n a l  b a s i c  j o u r n e y  m a r k e r
105 b l a n k  ( b i n a r y  z e r o )
1 0 4  s e m i - l i n k e d  j o u r n e y  m a r k e r
C a r d  5 »  C o l  4 5 ;  0  r e c o d e d  t o  1 0 ,
I  -  "  -  1 1 .
C o l  4 4 ;  Y  r e c o d e d  t o  4
m u l t i p l y  n o .  o f  m o n t h s  ( C a r d  3 ,  C o l  4 5 )  
b y  50 . 5 ,  a n d  a d d  t h i s  t o  t h e  n o .  o f  
d a y s  ( C a r d  5 ,  C o l ’ s  4 6 - 4 7 ) ;  Y  r e c o d e d  
t o  4 0 0 .
C a r d  5 t  C o l ’ s  4 8 - 5 1 ;  Y  r e c o d e d  t o  1 0 k .
C o l  5 2 ;  Y  r e c o d e d  t o  5
J C A ,  a s  d e f i n e d  i n  A p p e n d i x  V I I
C a r d  5 *  C o l  5 3 ;  Y  r e c o d e d  t o  1 0 .
-  s e e  A p p e n d i x  I I  f o r  
d e f ’ n  o f  c o d e s  u s e d .
C o l  5 4 ;  Y  r e c o d e d  t o  1 0
S T A G E  D I S T A N C E ,  a s  d e f i n e d  i n  A p p e n d i x  
V I I ,  r o u n d e d  t o  t h e  n e a r e s t  1 0 0  m e t r e s .
C a r d  5 ,  C o l  8 0  -  s e e  t e x t .
M K E R ,  a s  d e f i n e d  i n  N o t e  A  b e l o w .
=  1  i f  f i n a l  s t a g e  o f  a  s e m i - l i n k e d  
j o u r n e y ,  0  o t h e r w i s e .
N o t e  A
M K E R  i s  g e n e r a l l y  d e t e r m i n e d  f r o m  t h e  s t a r t  a d d r e s s  o f  t h e  f i r s t  s t a g e
a n d  t h e  e n d  a d d r e s s  o f  t h e  l a s t  s t a g e  o f  a  j o u r n e y ,
v i z .  i f  b o t h  e n d s  h a v e  i n t e r n a l  a d d r e s s e s ,  M K E R  =  1 ;
i f  t h e  o r i g i n  h a s  a n  e x t e r n a l  a d d r e s s ,  M K E R  =  4 ;
i f  t h e  d e s t i n a t i o n  h a s  a n  e x t e r n a l  a d d r e s s ,  M K E R  = 5 .
S i n c e  t h e  f i r s t  o r  l a s t  s t a g e s  o f  a  r e p o r t e d  j o u r n e y  m a y  h a v e  b e e n  i n v a l i d  
( i . e .  a n  a d d r e s s  c o d e d  9 9 9  =  o v e r s e a s ) ,  s p e c i a l  c o d e s  a r e  a l l o c a t e d  t o  
t h o s e  j o u r n e y s  t o  i n d i c a t e  t h a t  o n e  e n d  h a s  b e e n  c u t  b a c k  e i t h e r  t o  a n  
i n t e r n a l  a d d r e s s  ( g e n e r a l l y  H e a t h r o w  A i r p o r t ;  C o d e  2  i f  i t  i s  t h e  o r i g i n ,  
C o d e  5  i f  i i  i s  t h e  d e s t i n a t i o n )  o r  t o  a n  e x t e r n a l  a d d r e s s  ( e . g .  G a t w i c k  
A i r p o r t ;  C o d e  6  i f  i t  i s  t h e  o r i g i n ,  C o d e  7  i f  i t  i s  t h e  d e s t i n a t i o n ) .
A n  i n t e r n a l  t r i p  t h e r e f o r e ,  i s  d e f i n e d  a s  h a v i n g  M K E R  =  1 ,  2  o r  5 .
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APPENDIX G
REGRESSION ANALYSES.
C R O S S  C O R R E L A T I O N S .  G L T S  A N A L Y S I S .  
D e p e n d e n t  V a r i a b l e : T r i p  E n e r g y .  
N O C A R S  . 0 9 7 1 0
I N C O M E
N O E M P L D
S E G
D E N S I T Y
D I S T A N C E
- . 0 1 0 5 5  
- . 0 0 5 3 9 1 
. 0 0 4 2 1  
. 0 0 0 5 4  
- . 0 0 0 2 3
. 0 1 6 4 3
- . 0 1 3 9 4
. 0 0 5 2 5
. 0 0 0 0 7
- . 0 0 0 0 5
. 0 6 3 7 7
- . 0 0 4 9 5
- . 0 0 0 2 0
. 0 0 0 0 3
. 0 1 0 2 4
. 0 0 0 0 6
- . 0 0 0 0 4
. 0 0 0 0 8
. 0 0 0 1 8
N O C A R S I N C O M E N O E M P L D S E G D E N S I T Y
( S e e  a l s o T a b l e  9 . I I I ,  p l 4 4 . )
D e p e n d e n t  V a r i a b l e : T r i p  E n e r g y  ( a d j u s t e d  f o r  w o r k  j o u r n e y s
N O C A R S
I N C O M E
N O E M P L D
S E G
D E N S I T Y
D I S T A N C E
. 1 1 9 9 6
. 0 5 9 5 6
- . 0 1 6 1 9
- . 0 6 0 9 5
- . 0 5 9 8 2
. 0 2 8 5 1
. 4 3 3 0 1
. 1 9 5 8 8
- . 3 1 5 3 4
- . 2 9 9 2 0
. 1 7 8 8 5
. 4 2 4 5 1  
- . 4 5 1 4 4  -  
- . 1 9 2 3 0  
. 1 1 5 9 9  -
. 0 3 1 4 8
. 0 1 8 5 6
. 0 0 4 9 9
. 1 9 8 3 1
- . 1 0 7 2 6
E N E R G Y N O C A R S I N C O M E N O E M P L D D E N S I T Y
( S e e  a l s o T a b l e  9 . I V ,  p l 4 4 . )
D e p e n d e n t  V a r i a b l e r H o u s e h o l d  T r a v e l  E n e r g y .
I N C O M E
N O E M P L D
S E G
D E N S I T Y
D I S T A N C E
E N E R G Y
. 4 4 7 8 4
. 2 6 3 2 2
- . 3 1 0 5 9
- . 2 7 8 7 6
. 1 4 6 3 2
. 2 9 8 6 4
. 4 9 8 1 8
- . 4 5 0 7 6
- . 1 7 5 5 3
. 0 8 0 1 8
. 2 2 9 7 2
-  . 1 2 9 6 4  
- . 0 2 1 1 7  
. 0 0 1 8 3  -  
. 1 2 1 1 5
. 1 5 1 1 0
. 0 6 2 2 8
. 1 6 5 3 8
-  . 5 1 5 8 1  
- . 1 4 2 6 7
N O C A R S I N C O M E N O E M P L D S E G D E N S I T Y
. 0 0 1 5 2  ‘ 
D I S T A N C E
. 5 3 7 7 0
DISTANCE
. 0 7 9 9 7
D I S T A N C E
( S e e  a l s o  T a b l e  9 . V ,  p i 5 2 . )
CROSS CORRELATIONS. ROAD TESTS.
D e p e n d e n t  V a r i a b l e : T r i p E n e r g y .
X D I S T
L E C
L T I M
L D I S
G E C
G T I M
G D I S
- . 9 3 2 4 6
- . 4 1 1 4 4
- . 3 2 1 6 6
- . 4 7 1 3 3
- . 4 3 5 0 8
- . 3 7 8 0 0
- . 4 5 7 7 9
. 3 0 9 9 1
. 2 1 2 9 6
. 3 7 1 8 2
. 4 9 0 8 4 ’
. 4 5 4 0 2
. 4 7 0 3 4
. 8 7 0 7 2
. 8 3 3 8 4 . 8 6 9 5 3
. 8 3 2 1 1
. 9 2 8 3 8 . 7 3 8 0 7
D E N S X D I S T L E C L T I M  L D I S G E C G T I M
T h e  r e g r e s s i o n s  f o r  G L T S  n e t w o r k  a n d l o c a l  n e t w o r k  a r e c o m b i n e d i n
t h e  a b o v e  t a b l e .
STRATIFIED REGRESSION ANALYSES.
STRATIFICATION BY CAR OWNERSHIP
Car Ownership : zero
V A R I A B L E M E A N S I M P L E  R S I G N I F
I N C O M E 5 . 2 3 6 3 . 0 3 5 6 4 . 0 8 2
D I S T A N C E 1 1 . 2 5 9 6 . 0 6 7 5 1 . 1 9 5
S E G 4 . 8 2 5 3 . 0 2 8 6 0 . 3 2 5
D E N S I T Y 4 7 . 1 6 4 1 - . 0 4 3 3 1 . 9 9 1
N O E M P L D 1 . 1 6 1 4 - . 0 1 6 6 3 . 2 0 6
E N E R G Y  ■ 3 1 . 8 0 2 7
O V E R A L L  1S I G N I F I C A N C E . 2 8 3
M U L T I P L E R . 1 0 2 0 3
N O .  O F  C A S E S 6 0 1
C a r  o w n e r s h i p  :  o n e
V A R I A B L E M E A N S I M P L E  R S I G N I F
I N C O M E 7 . 1 8 4 5 . 1 3 6 6 8 . 1 0 0
D I S T A N C E 1 2 . 8 5 8 9 . 0 1 2 9 8 . 5 9 3
S E G 3 . 4 8 6 9 - . 1 0 1 2 9 . 0 5 1
N O E M P L D 1 . 5 2 5 0 . 1 1 6 3 1 . 0 0 8
D E N S I T Y 3 1 . 5 9 3 0 - . 0 7 4 4 1 . 0 4 3
E N E R G Y 1 0 3 . 3 4 4 3
O V E R A L L S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 1 8 4 0 3
N O .  O F  C A S E S 8 4 0
C a r  O w n e r s h i p  :  t w o  <o r  m o r e
V A R I A B L E M E A N S I M P L E  R S I G N I F
I N C O M E 8 . 0 8 5 0 . 2 3 1 5 5 . 0 0 6
D I S T A N C E 1 4 . 0 1 6 2 . 0 5 4 6 6 . 6 6 1
N O E M P L D 1 . 7 7 3 3 - . 0 1 6 5 5 . 8 9 7
S E G . 2 . 7 1 6 6 - ‘ . 2 0 5 9 0 . 0 3 4
D E N S I T Y 2 4 . 2 9 8 8 - . 0 9 1 9 9 . 5 0 4
E N E R G Y 1 8 2 . 8 3 9 2
O V E R A L L  !S I G N I F I C A N C E . 0 0 2
M U L T I P L E R . 2 7 8 4 0
N O .  O F  C A S E S 2 4 7
NOTE : In all cases ENERGY is the dependent variable 
to which all R values relate.
STRATIFICATION BY DISTANCE FROM CHARING CROSS
D i s t a n c e :  2 k m .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
D E N S I T Y
S E G
I N C O M E
N O E M P L D
E N E R G Y
. 5 1 8 5
5 6 . 6 2 2 2
4 . 1 4 8 1
6 . 0 3 7 0
1 . 4 4 4 4
2 8 . 3 1 4 8
. 5 5 2 2 7  
. . 0 8 8 0 3  
- . 3 4 3 6 1  
. 3 1 4 0 4  
. 3 2 5 4 0
. 0 9 8
. 8 3 6
. 4 0 0
. 7 4 7
. 6 0 2
O V E R A L L  S I G N I F I C A N C E  
. M U L T I P L E  R  
N O .  O F  C A S E S
. 1 0 6
. 5 7 7 2 0
2 7
D i s t a n c e : 2 -  5 k m .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
D E N S I T Y
S E G
N O E M P L D
I N C O M E
E N E R G Y
. 4 8 8 4
8 7 . 3 5 9 5
4 . 1 5 8 1
1 . 4 1 4 0
6 . 1 5 3 5
5 9 . 6 6 9 1
. 3 0 3 0 9
- . 0 5 0 7 9
- . 1 8 1 9 8
. 0 2 1 8 7
. 2 6 3 1 1
. 0 0 1
. 3 0 9
. 5 8 1
. 0 1 1
. 0 1 0
O V E R A L L  S I G N I F I C A N C E  
M U L T I P L E  R  
N O .  O F  C A S E S
. 0 0 1
. 3 7 4 3 1
2 1 5 .
D i s t a n c e :  7 . 5 k m .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
D E N S I T Y
S E G
N O E M P L D
I N C O M E
E N E R G Y
. 7 2 7 3  
5 3 . 1 7 7 6  
3 . 9 7 9 0  
1 . 4 6 1 5  
6 . 3 3 5 7  . 
5 9 . 1 8 3 1
. 2 9 8 8 0
. 0 6 5 5 8
. 0 0 1 9 0
. 0 7 1 8 7
. 0 0 1 0 4
. 0 0 5  • 
. 3 7 1  
. 3 7 9  
. 0 0 2  
. 6 7 8
OVERALL SIGNIFICANCE .001
MULTIPLE R ..41805
NO. OF CASES 143
Distance : 10km.
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S . 6 6 6 7 . 2 7 2 7 7 . 0 0 1
D E N S I T Y 4 1 . 1 3 2 1 . 0 1 2 2 7 . 7 7 9
S E G 4 . 4 2 4 5 ' - . 0 9 6 0 5 . 9 1 1
N O E M P L D 1 . 4 4 6 5 . 0 8 1 2 6 . 1 5 0
I N C O M E 6 . 2 9 8 7 . 1 9 0 3 3 . 0 2 7
E N E R G Y 6 4 . 3 7 8 1
O V E R A L L  S I G N I F I C A N C E . 0 0 1
M U L T I P L E  R . 3 0 0 4 5
N O .  O F  C A S E S 3 1 8
D i s t a n c e :  1 2 . 5 k m .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
S E G
D E N S I T Y
I N C O M E
N O E M P L D
E N E R G Y
. 7 3 6 8
4 . 6 4 4 7
3 4 . 0 4 8 7
6 . 0 9 2 1
1 . 5 5 2 6
5 3 . 7 8 1 5
. 5 1 7 4 1
- . 0 2 0 4 9
- . 0 6 9 4 4
. 2 9 2 6 2
. 4 0 0 3 7
. 0 0 1
. 5 7 2
. 8 2 6
. 4 7 5
. 0 0 6
O V E R A L L  S I G N I F I C A N C E  
M U L T I P L E  R  
N O *  O F  C A S E S
. 0 0 1
. 5 9 9 3 1
7 6
D i s t a n c e :  1 5 k m .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
N O E M P L D
D E N S I T Y
S E G
I N C O M E
E N E R G Y
. 8 8 5 2
1 . 4 4 1 5
2 6 . 4 5 7 8
3 . 6 6 4 5
6 . 7 6 1 6
1 0 3 . 5 9 7 1
. 2 4 3 4 8
. 1 5 4 5 8
- . 0 3 4 6 4
- . 1 2 6 5 7
. 1 4 9 3 7
. 0 0 1  
. 0 6 9  
. 3 7 7  . 
. 3 1 9  
. 8 0 4
OVERALL SIGNIFICANCE .001
MULTIPLE R .26683
NO.. OF CASES 453
Distance : 20km.
V A R I A B L E M E A N S I M P L E  R
N O C A R S . 9 7 1 4 . 3 3 3 5 9
N O E M P L D 1 . 3 9 6 8 . 0 5 4 7 3
D E N S I T Y 1 5 . 5 3 1 4 - . 1 3 9 3 4
S E G 3 . 4 6 0 3 - . 1 9 1 8 8
I N C O M E 7 . 0 4 7 6 . 2 9 7 2 9
E N E R G Y 1 1 0 . 8 5 8 5
O V E R A L L S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 3 8 5 6 1
N O .  O F  C A S E E . 3 1 5
D i s t a n c e : 2 5 k m .  o r  :m o r e .
V A R I A B L E M E A N S I M P L E  R
N O C A R S 1 . 1 8 4 6 . 5 0 2 8 8
D E N S I T Y 6 . 5 3 0 8 - . 1 8 2 4 8
N O E M P L D 1 . 4 3 0 8 . 1 4 6 7 0
S E G 3 . 2 3 0 8 - . 2 7 2 1 6
I N C O M E 7 . 0 7 6 9 . 4 6 9 7 7
E N E R G Y 1 4 5 . 2 0 6 7
O V E R A L L  !S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 5 6 5 5 9
N O .  O F  C A S E S 6 5  .
S I G N I F
.001
. 1 6 9
. 7 1 9
. 7 2 3
. 0 0 3
S I G N I F
. 0 0 8
. 4 0 4
. 9 0 2
. 8 6 2
. 0 6 6
STRATIFICATION BY INCOME GROUP.
I n c o m e  G r o u p  :  1  
V A R I A B L E  M E A N S I M P L E  R S I G N I F ,
N O C A R S
N O E M P L D
D I S T A N C E
S E G
D E N S I T Y
E N E R G Y
. 1 9 6 1
. 1 5 6 9
1 2 . 1 0 7 8
6 . 9 0 2 0
3 5 . 9 7 2 5
7 4 . 6 3 6 2
. 0 0 3 7 7
. 0 7 1 5 9
. 1 0 9 3 4
. 1 2 9 7 1
. 0 8 2 4 1
. 7 0 7
. 6 8 9
. 1 7 8
. 5 5 4
. 1 4 3
O V E R A L L  S I G N I F I C A N C E  . 6 2 9  
M U L T I P L E  R  . 2 6 7 8 7
N O . O F  C A S E S  5 1
I n c o m e  G r o u p  :  2  
V A R I A B L E  M E A N S I M P L E  R S I G N I F ,
N O C A R S
D E N S I T Y
S E G
N O E M P L D
D I S T A N C E
E N E R G Y
. 1 3 8 5
4 2 . 4 9 0 8
5 . 9 6 9 2
. 3 0 7 7
1 2 . 8 5 3 8
1 9 . 0 7 8 5
. 0 7 5 9 2
. 0 9 0 4 5
. 2 2 1 7 7
. 0 3 4 6 2
. 0 0 2 1 9
. 8 3 8
. 2 4 7
. 0 7 3
. 9 8 5
. 4 2 5
O V E R A L L  S I G N I F I C A N C E  . 4 7 5  
M U L T I P L E  R  . 2 6 8 8 5
N O .  O F  C A S E S  6 5
I n c o m e  G r o u p  :  3  
V A R I A B L E  M E A N
N O C A R S
N O E M P L D
D I S T A N C E
S E G
D E N S I T Y
E N E R G Y
. 3 0 5 6
. 6 5 2 8
1 1 . 1 6 6 7
5 . 3 4 7 2
4 7 . 1 9 1 7
2 3 . 9 2 4 3
S I M P L E  R S I G N I F ,
. 4 0 8 8 0
. 1 5 3 5 5
. 2 8 9 9 1
. 0 6 4 0 6
. 2 5 3 2 2
.002
. 4 6 6
. 0 9 9
. 5 9 0
. 8 4 1
OVERALL SIGNIFICANCE .003
MULTIPLE R .48396
NO. OF CASES 72
Income Group : 4
V A R I A B L E M E A N S I M P L E  R S I G N I F .
N O C A R S . 4 5 2 6 . 3 3 5 1 3 . 0 0 1
N O E M P L D 1 . 0 3 6 5 . 0 4 9 6 9 . 6 7 9
S E G 4 . 6 6 4 2 . 0 9 9 3 7 . 0 9 5
D I S T A N C E 1 1 . 6 2 7 7 . 0 8 0 7 2 . 9 4 8
D E N S I T Y 4 4 . 4 3 9 4 - . 1 1 6 3 3 . 7 1 4
E N E R G Y 4 1 . 5 5 0 4
O V E R A L L  1S I G N I F I C A N C E . 0 0 2
M U L T I P L E R . 3 6 7 2 1
N O .  O F  C A S E S . 1 3 7
I n c o m e  G r o u p  :  5
V A R I A B L E M E A N S I M P L E  R S I G N I F .
N O C A R S . 5 4 8 2 . 4 4 2 6 9 . 0 0 1
S E G 4 . 3 4 9 4 . 0 5 0 0 9 . 2 3 9
D I S T A N C E 1 1 . 9 7 2 9 . 0 8 0 9 4 . 8 7 2
N O E M P L D 1 . 2 5 9 0 . 0 4 4 9 8 . 6 5 9
D E N S I T Y 4 4 . 1 8 6 7 - . 1 1 9 2 9 . 7 5 0
E N E R G Y . 4 9 . 2 1 6 4
O V E R A L L  S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 4 5 2 7 0
N O .  O F  C A S E S 1 6 6
I n c o m e  G r o u p  :  6
V A R I A B L E M E A N S I M P L E  R S I G N I F .
N O C A R S . 6 9 1 9 . 2 6 1 9 2 . 0 . 0 1
S E G 4 . 4 4 9 5 . 0 5 6 9 5 . 1 5 9
D I S T A N C E 1 1 . 6 5 1 5 . 0 6 2 5 7 . 6 7 0
N O E M P L D 1 . 4 4 9 5 . 0 0 1 7 3 . 4 0 9
D E N S I T Y 3 7 . 9 7 4 2 - . 0 9 9 7 9 . 6 4 0
E N E R G Y 6 5 . 1 9 8 8
O V E R A L L  S I G N I F I C A N C E . 0 0 5
M U L T I P L E R ' . 2 8 6 6 4
N O .  O F  C A S E S 1 9 8
Income Group : 7
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S
N O E M P L D
D I S T A N C E
S E G
D E N S I T Y
E N E R G Y
. 8 8 2 1  
1 . 4 4 6 4  
1 2 . 3 8 2 1  
3 . 8 8 5 7  
3 5 . 8 5 9 3  
8 6 . 8 4 3 4
O V E R A L L  S I G N I F I C A N C E  
M U L T I P L E  R  
N O .  O F  C A S E S
. 3 5 4 0 6
. 0 3 8 2 7
. 1 5 4 3 7
. 1 9 3 9 9
. 2 2 9 2 8
.001
. 4 0 2 0 0
2 8 0
.001
. 5 3 1
. 1 9 7
. 0 2 4
. 2 4 9
I n c o m e  G r o u p  :  8  
V A R I A B L E  M E A N
N O C A R S
■ N O E M P L D
D I S T A N C E
S E G
D E N S I T Y
E N E R G Y
. 9 0 1 9
1 . 7 5 9 5
1 2 . 7 6 5 8
3 . 4 8 1 0
3 3 . 6 7 2 8
9 4 . 2 6 6 4
O V E R A L L  S I G N I F I C A N C E  
M U L T I P L E  R  
N O .  O F  C A S E S
S I M P L E  R  S I G N I F .
. 2 5 6 2 4
. 1 0 7 3 9
. 1 3 9 6 7
. 1 2 0 7 3
. 1 5 0 3 5
.001
. 3 3 4 5 4
3 1 6
.001
.010
. 1 3 7
. 0 3 2
. 2 2 7
I n c o m e  G r o u p  :  9  
V A R I A B L E  M E A N
N O C A R S
N O E M P L D
D I S T A N C E
S E G
D E N S I T Y
E N E R G Y
1 . 1 8 2 1
1 . 9 4 3 7
1 3 . 3 0 3 0
2 . 5 7 6 2
2 7 . 6 9 5 0
1 4 6 . 7 5 9 7
S I M P L E  R
. 1 4 7 6 8
. 0 5 0 2 8
■ . 0 2 1 1 9
■ . 1 2 0 0 8
• . 1 2 3 5 5
S I G N I F
. 1 1 3  
. 1 5 1  . 
. 1 6 5  
. 0 5 6  
. 0 4 9
OVERALL SIGNIFICANCE .009
MULTIPLE R .22478
NO. OF CASES 302
Income Group : 10
V A R I A B L E  M E A N  S I M P L E  R  S I G N I F
N O C A R S  1 . 4 9 5 0  . 2 9 4 4 2  . 0 0 5
N O E M P L D  1 . 5 4 4 6  - . 0 9 5 6 0  . 4 4 4
D E N S I T Y  2 8 . 7 5 2 5  - . 0 0 7 7 2  . 4 0 2
S E G  1 . 6 5 3 5  . - . 1 0 7 9 2  . 5 7 0
D I S T A N C E  1 3 . 5 3 9 6  . 0 7 7 8 1  . 3 4 5
E N E R G Y  1 8 9 . 2 8 0 4
O V E R A L L  S I G N I F I C A N C E  . 0 5 3
M U L T I P L E  R  . 3 2 6 7 9
N O .  O F  C A S E S  1 0 1
STRATIFICATION BY.DENSITY BAND
D e n s i t y :  l e s s  t h a n l O d p h .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S 1 . 2 1 2 0 . 1 8 2 6 8  . . 1 7 5
D I S T A N C E . 1 4 . 4 8 0 0 - . 0 6 5 7 0 . 3 8 8
N O E M P L D 1 . 4 2 4 0 . 1 5 4 9 5 . 0 8 2
S E G 2 . 8 3 6 0 - . 1 6 0 3 2 . 4 2 2
I N C O M E 7 . 5 3 6 0 . 2 1 6 6 4 . 1 4 5
E N E R G Y 1 4 1 . 4 9 5 6
O V E R A L L  ;S I G N I F I C A N C E . 0 0 2
M U L T I P L E R . 2 6 9 7 9
N O .  O F  C A S E S 2 5 0
D e n s i t y :  1 0  -  2 0  d p h .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S 1 . 0 6 6 1 . 3 5 3 3 6 . 0 0 1
D I S T A N C E 1 7 . 9 6 2 6 . 0 0 6 6 0 . 8 7 1
S E G 2 . 9 6 0 4 - . 1 7 9 9 1 . 2 4 4
N O E M P L D 1 . 3 8 3 3 . 1 1 5 4 9 . 7 0 9
I N C O M E 7 . 4 7 5 8 . 2 5 2 7 4 . 2 0 1
E N E R G Y 1 2 1 . 7 3 0 2
O V E R A L L S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 3 8 7 3 6 .
N O .  O F  C A S E S 2 2 7
D e n s i t y  : 2 0  -  3 0  d p h .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S . 8 6 4 7 . 2 7 2 8 9 . 0 0 1
D I S T A N C E 1 4 . 4 3 3 8 . 0 8 1 5 2 . 2 6 6
N O E M P L D 1 . 4 8 2 4 . 1 9 4 1 4 . 2 4 7
■ S E G 3 . 8 7 3 5 - . 1 7 7 5 6 . 1 6 1
I N C O M E • 6 . 6 3 2 4 . 2 5 5 0 7  . . 1 1 5
E N E R G Y 9 3 . 1 8 4 2
O V E R A L L  S I G N I F I C A N C E . 0 0 1 -
M U L T I P L E R . 3 3 8 8 0
N O .  O F  C A S E S • 3 4 0
Density : 30 - 40 dph.
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S . 6 6 6 7 . 4 7 0 9 2 . 0 0 1
D I S T A N C E 1 4 . 1 3 7 3 . 0 7 7 2 8 . 1 1 8
N O E M P L D 1 . 4 0 3 9 . 3 8 1 3 2 . 0 0 1
S E G . 4 . 6 1 9 6 - . 2 4 3 4 3 . 3 2 3
I N C O M E 6 . 0 0 3 9 . 3 0 7 0 1 . 4 2 0
E N E R G Y 6 4 . 3 5 9 7
O V E R A L L  S I G N I F I C A N C E . 0 0 1
M U L T I P L E  R . 5 2 7 3 2
N O .  O F  C A S E S 2 5 5  :
D e n s i t y : 4 0  -  5 0  d p h .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S . 6 8 9 2 . 1 1 9 3 8 . 0 2 2
D I S T A N C E 1 0 . 3 8 7 4 . 1 3 1 7 6 . 0 3 1
S E G 4 . 4 3 2 4 . 0 2 6 4 3 . 4 7 1
N O E M P L D 1 . 3 7 3 9 - . 0 5 9 4 2 . 0 9 6
I N C O M E 6 . 1 8 4 7 . 0 0 3 7 0 . 7 2 4
E N E R G Y 7 9 . 7 6 6 5
O V E R A L L  1S I G N I F I C A N C E . 0 5 2
M U L T I P L E R . 2 2 1 5 6
N O .  O F  C A S E S 2 2 2
D e n s i t y  5 0  - 6 0  d p h .
V A R I A B L E M E A N S I M P L E  R S I G N I F
N O C A R S . 5 0 3 8 . 5 1 5 8 7 . 0 0 1
D I S T A N C E 8 . 0 5 6 4 - . 0 4 5 0 3 . 8 1 8
S E G 4 . 3 3 8 3 - . 0 9 4 9 9 . 7 5 2
I N C O M E 5 . 9 5 4 9 . 3 7 9 7 8 . 2 9 5
N O E M P L D 1 . 5 5 6 4 . 4 5 1 3 9 . 0 2 4
E N E R G Y 4 4 . 7 0 5 8
O V E R A L L  S I G N I F I C A N C E  
M U L T I P L E  R  
N O .  O F  C A S E S
. 0 0 1  
. 5 7 6 5 8  
1 3 3  .
D e n s i t y :  g r e a t e r  t h a n  6 0  d p h .
V A R I A B L E M E A N ' S I M P L E  R S I G N ]
N O C A R S . 5 4 4 2 . 2 9 5 4 1 . 0 0 1
D I S T A N C E 5 . 5 2 8 7 - . 0 1 2 1 0 . 9 1 3
S E G 4 . 0 7 2 8 - . 1 3 2 3 4 . 8 5 6
N O E M P L D 1 . 4 2 9 1 . 0 7 8 3 3 . 2 0 8
I N C O M E 6 . 3 1 0 3 . 2 3 7 0 5 . 0 3 7
E N E R G Y 6 2 . 5 6 2 5
O V E R A L L  1S I G N I F I C A N C E . 0 0 1
M U L T I P L E R . 3 2 8 5 9
N O .  O F  C A S E S 2 6 1
